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Abstract
In this research, a novel piezoelectric actuator was developed to operate safely deep inside
the magnetic resonance imaging (MRI) machine bore. It is based on novel design that
generates linear and rotary motion simultaneously for higher needle insertion accuracy in
medical procedures. This degree of freedom (DOF) flexibility for needle insertion results
in decreasing the recovery time and improves the overall health of the patient. The
piezoelectric actuation method was proposed for the developed actuator based on the
piezoworm concept which minimizes the actuator size, maximizes the output force, and
enhances micrometer scale positioning accuracy. MRI guidance can be used to guide this
actuator as MRI machines are used widely in hospitals and produces high quality images
for soft tissue. Moreover, MRI-guided intervention is one of the emerging biomedical
engineering areas of development, so this research was developed to aid in the selection of
suitable materials to construct actuators that can be used in this challenging environment.
Usually only nonmagnetic materials are used in this extremely high magnetic
environment. These materials are classified as MRI compatible materials and are selected
to avoid hazardous conditions and image quality degradation. But unfortunately many
inert materials to the magnetic field do not possess desirable mechanical properties in
terms of hardness, stiffness and strength and much of the available data for MRI
compatible materials are scattered throughout the literature and often too device specific.
Furthermore, the fact that significant heating is experienced by some of these devices due
to the scanner’s variable magnetic fields makes it difficult to draw general conclusions to
support the choice of suitable material and typically these choices are based on a trial-anderror with extensive time required for prototype development and MRI testing of such
devices.
This research provides a quantitative comparison of several engineering materials in the
MRI environment and comparison to theoretical behavior which should aid
designers/engineers to estimate the MRI compatible material performance before the
expensive step of construction and testing. This work focuses specifically on the effects in
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the MRI due to the material susceptibility, namely forces, torques, image artifacts and
induced heating.

Keywords
MR-compatible actuator, Piezoworm Motor, Complementary Clamps, Compact Design,
needle insertion, MR safety, gradient switching, piezoelectric.
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Chapter 1
Introduction
1.1 Background
Biopsy and therapy needles need accurate navigation to reach their intended target
especially when the target is in the order of 5mm or less. Interactive needle path planning
and real time image guidance can be used to improve the precision. Magnetic Resonance
imaging (MRI) is known for high contrast of soft tissues which makes it an excellent
choice to guide a needle [1]. A two degree of freedom actuator MR-compatible was
developed as an objective for the research to aid precise targeted needle placement. The
proposed actuator is capable of micrometer resolution and can perform under MRI
guidance.
MRI has become a standard diagnostic tool in hospitals around the world and is
increasingly used in performing image-guided intervention (IGI) procedures. The trend of
using remotely actuated and controlled devices to assist in the performance of MRI-guided
interventions are increasing as the image quality is superior to other modalities [2].
Brachytherapy and biopsy medical procedures can be conducted using MRI-guided
interventional technology for accurate navigation of the needle. The main goal for these
procedures is to insert the needle with high accuracy resulting in a more effective
treatment [3]. The key point of accurate placement is rotating the needle around its own
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axis by means of either continuous spinning or pulsation methods [3-6]. This emphasizes
the need for a two degree-of-freedom actuator for this type of MRI-guided medical
procedures.
Despite all the advantages of MRI, the extreme magnetic fields (up to 7 Tesla), rapidly
changing magnetic field gradients (GR), and radiofrequency (RF) pulses used in operating
the scanner make it a difficult environment in which to operate conventional actuators [7].
One must consider the induced forces, torques and image distortion caused by the
introduction of the device into the MR scanner. Heating of the device may also be a
concern. Heating results from the interaction of the device with the RF magnetic field
and/or the switching gradient fields which can create eddy currents, induction loops, or
resonating RF waves along conductors as discussed in [8-10]. Additionally, the limited
space inside MRI machine as shown in Fig.1.1, the scanner bore necessitates a compact
actuator and hence the materials employed must be strong and rigid as well being MRcompatible [2, 7, 11, and 12].
Safe design and proper functionality are the ultimate goal for any manufactured device.
This is even more challenging when MR-compatible devices are being developed to
perform in such harsh environment. Therefore, novel actuation techniques and innovative
design strategies should be utilized to overcome the multiple restrictions imposed by the
MRI environment in terms of space restrictions and image distortion.
Finally, piezoworm principle was employed in the actuator as it offers micrometer
accuracy positioning with centimeter range, in addition to compactness of the
configuration which make it ideal for the restricted space inside the bore.

1.2 MR-compatibility
First, MR environment was described in [7, 13] as the area in the vicinity of the scanner
which includes the static magnetic field, the rapidly changing gradient fields, and finally
the radiofrequency magnetic fields. Furthermore in [7] a clear distinction between MRsafety and MR compatibility was set. It was pointed out that MR-safe device does not add
any risk to patient in the MR environment but the image quality cannot be assured.
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MR-compatibility was explained in [7, 12]. MR-compatible device has to be first MR-safe,
also does not affect the image quality of the MR imaging environment, and in turn the MR
environment does not degrade the device performance or cause it to malfunction.

Fig.1.1: (a) Dimensions of a horizontal scanner bore (in centimeters) [7], (b) MR images
of a person inside the restricted bore space of an MRI scanner [14]
MR-compatible devices usually consist of several components some of which will be close
to the imaging area and others may be completely outside the imaging room. For this
reason further classification of compatibility zones has to be defined.
In [7, 12] MR-compatibility zones were divide into 4 zones depending on how close the
component (device) to the imaging area during the scanning process. It is stated that if the
device is in contact with the imaged part and stays in contact through the whole scan
process device is called “Zone 1 compatible device”.
If the component (device) is used inside the bore but not close to the imaged part and if it
remains inside or used during the scanning process causing some images distortion the
device is called “Zone 2 compatible device”.
If the component (device) is used inside the bore but not close to the imaged part and has
to be removed or not used during scanning the device is called “Zone 3 compatible
device”.
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Finally, if the component (device) is used outside the bore but within the procedure room
the device is called “Zone 4 compatible device”.
The proposed device in this research will operate inside the scanner bore and close to the
patient imaged part which dictates the highest level of compatibility (Zone 1). The
supporting structure connecting the actuator to the scanner can be manufactured from
Zone 1 or Zone 2 compatible material with Low magnetic susceptibility [15] as it is away
from the imaging area. The amplifier and the control module of the actuator will be placed
outside of the procedure room so the issue of zone compatibility does not apply. In the
case of control and drive wires between the actuator and the amplifier shielded copper
wires are used but it is essential to use filtering techniques to eliminate any radio
frequency signals might enter the scanner enclosure through the cables from outside and at
least Zone 2 compatibility devices should be used.
In summary, MR-compatibility zone level of components employed in the MR
environment depends on how far or close it is from the imaging area. When outside the
scanner vicinity commercially available components can be utilized, but when it is in or
around the scanner components has to be chosen according to a minimum image distortion
criterion. The aim of his research is to realize a (Zone 1) MR-compatible actuator to work
deep inside the scanner bore. This can be achieved through selection suitable MRcompatible materials that does not degrade the image quality or endanger patient safety.

1.3 Review of the Literature
The strong magnetic fields existing in the MR environment prevents electromagnetic
actuators from being used due to their concept of operation [2]. Other types of actuators
were introduced in the literature as alternative methods such as hydraulic, pneumatic,
piezoelectric and manual actuation methods. MRI compatible actuation methods like
electrostatic actuators, electrostrictive polymer and electrically actuated elastomers were
also introduced.
MRI compatible devices are classified in the literature according to their method of
actuation or sensor technology as presented in [7], others classified according the medical
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procedures they are used in [2]. The focus in this work is to compare between the existing
actuation methods based on their advantages and drawbacks to select the optimal method
of actuation in the MR environment. The following categorization was considered:







Hydraulic actuation method
Pneumatic actuation method
Ultrasonic piezoelectric actuation method
Manual actuation method
Others

1.3.1 Hydraulic Actuation Method
A possible MR-compatible method in the literature is hydraulic actuation method that is
magnetically neutral. Hydraulic systems are stiff and can supply high forces and motion
needed over relatively long distances. In [16] a six degree of freedom (DOF) manipulator
is presented (see Fig.1.2). It performs minimally invasive liver surgery inside open MR
scanners as a hybrid system using piezo ultrasonic motors and hydraulic methods
combined.

Fig.1.2: (a) Motor-hydraulic system (b) MR-compatible Surgical Robot [16]
The transmission media used in the system is sterilized saline. Fluid leakage was reported
as the main problem, but adding leakage compensation mechanism improved
controllability and stability for the system. A pure hydraulic configuration using plastic
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cylinders on the MRI side is discussed in [17, 18]. The system is a haptic interface with a
rotary DOF (degree of freedom) using a master and slave configuration. The master
system is a regular hydraulic cylinder driven by an electromagnetic motor. The master
system is placed outside the MRI room. The slave is the polymer hydraulic piston coupled
with the master by means of hoses (see Fig.1.3). The performance tests showed accuracy
of a few micrometers over a range of several centimeters (± 5 cm), with linear speeds up to
30 cm/s and max continuous force of 500 N. The rotary performance shows resolution of
0.14 deg. over operating range of (± 80 deg), maximum continuous torque of 15 N.m, and
maximum speed of 200 rpm. The 10 MPa pressure range of the hydraulic circuit was the
only performance limiter for the system.

Fig.1.3: MR-compatible (a) linear and (b) rotary actuator concept with hydrostatic
transmission [18]
The main concern in this actuation method besides the size is safety issues due to high
pressures involved. Furthermore leakage, heavy infrastructure, complexity of control, and
performance degradation are other drawbacks of this method.

1.3.2 Pneumatic actuation method
Pneumatic systems are much cleaner hydraulic systems and can produce high speeds.
Pneumatic actuation is considered for MR-compatible actuation as presented in [19, 20]
for its low cost, low maintenance, compact size and high power to weight ratio. But a
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drawback in the pneumatically controlled systems is the reduced precision due to air
compressibility. This problem was addressed in [19, 20] by developing the "PneuStep"
motor which is based on the idea of a step motor. The device was tested in MR
environment up to 7 Tesla without image distortion and achieved motion precision
accuracy up to 0.05 mm per step. The device was developed into a fully pneumatic
actuated robot. Fig. 1.4a shows MRI-compatible robot configured with six “PneuStep”
motors and Fig. 1.4b shows the “PneuStep” motor.

Fig.1.4: (a) The robot with six motors [21]

(b) “PneuStep” the air motor [19]

An example is six DOF base on pneumatic actuation is the commercially available MRcompatible InnoMotionTM (Innomedic GmbH, Herxheim, Germany). InnoMotionTM is a
robotic arm that assists in interventions inside the MRI scanner and can be used in spinal
procedures for pain therapy, tumor therapy, and biopsies [2].
Another device presented in [22] is a novel pneumatic air motor system for limb
positioning. It consists of a pneumatic turbine with the output coupled to a gear train. This
configuration produces enough power for lifting the targeted body part. The gearbox is
constructed from plastic gears, aluminum shafts, and plastic bearings with glass balls. The
system is capable of 6 rpm of maximum speed and maximum torque of 0.35 N.m. Fig.1.5
shows the positioning system including the turbine. This device was modified in [23] from
1 DOF to 3 DOF (see Fig.1.6).
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Fig.1.5: (a) Pneumatic positioner (b) turbine, rotor and gear box of the device [22]
The disadvantages of the pneumatic actuation method is the limited stiffness of the system,
reduced precision in the controlled motion, compressibility and friction in valves and
actuators make the system highly nonlinear, and complicated pneumatic-servo controls.
Furthermore, in the literature this type of actuation was mainly used prostate
brachytherapy [20] and positioning limbs inside the MRI machine [22, 23].
Space restriction was not an issue for these devices, but the air hoses used for control and
actuation of the device could add another burden on smooth maneuverability if the device
is used in the restricted space of the scanner bore.

Fig. 1.6: (a) CAD model of system with a limb support. (b) Bottom view of the platform
showing the air motors coupled to each axis [23]
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1.3.3 Ultrasonic piezoelectric actuation method
Ultrasonic piezoelectric motors technologies are commonly utilized for MR-compatible
actuator as presented in [24-26]. Fig.1.7a show the basic components of ultrasonic
piezoelectric motor, which consist of a vibrator that is in contact with a rotor and driven by
high-frequency power supply. The vibrator is driven by two sinusoidal waves 90 degree
out of phase at ultrasonic frequency causing propagation and elliptical motion (Fig. 1.7b)
on the surface of the rotor creating the rotary motion. The ultrasonic piezoelectric motors
does not generate magnetic fields, but conductive components encasing the motor and
driving voltage can create image distortions if operated closer than 0.5 m from the image
isocenter [26]. Ultrasonic motors are compact in size and light in weight with high
power/weight ratio, and high efficiency but if directly coupled they provide low speed and
high holding torque [27].

Fig.1.7:

(a) Photograph of Shinsei corp. ultrasonic motor [28] (b) Principle of the

propagating-wave type motor [27]
This high holding torque maintains the motor current position when the motor loses
power. In case of malfunction this feature is considered as a drawback by some as an
advantage by others. Disengaging of the motor from the system can be achieved by using
mechanical clutches as implemented by Chinzei & Miller [24] and Koseki et al. [25].
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Fig.1.8: (a) 1 DOF stage with ultrasonic piezomotor. (b) The 5 DOF manipulator [29]
In [29] a five DOF MR-compatible prostate biopsy manipulator has a master-slave
configuration work with linear ultrasonic piezomotors (see Fig.1.8), supporting structure
from Delrin and aluminum. The motor has maximum force of 7N and maximum speed of
12.5 mm/s. Fig.1.9 shows another MR-compatible prostate biopsy manipulator consisting
of three stages and possesses 3 DOF. It employs linear ultrasonic piezomotors for each
stage and the structure is constructed from Delrin. Its performance is 17N of force and a
speed of 2.7 mm/s [30]. In spite of the good performance the two previous examples, they
are large in size and complex to control. The mentioned reasons are the main factors for
not considering this method as a favourable actuation method for the developed actuator.

Fig.1.9: (a) CAD model of one stage

(b) Three stages interconnected [30]
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1.3.4 Manual actuation method
Example of a manual 3 DOF actuated manipulator for prostate interventional procedure
under magnetic resonance imaging guidance was presented in [31]. The device is actuated
remotely by means of flexible shafts and capable millimeter accuracy for the needle
placement. The device consists of a positioning stage that acts on a lead screw through a
threaded nut for linear motion. Rotation is provided through the motion of the whole
assembly inside a fixed internal gear in a planetary gear configuration. Fig. 1.10a shows
components of the mechanism including the enclosing housing [7, 31].
To avoid image distortion the main components of the device are constructed from plastics
with minimum amount metallic small parts. Gears were made from brass and ball joint
from aluminum. The motion controlling shafts were constructed from phosphor bronze
allowing remote actuation under control of the practitioner. The device was tested in a 1.5
Tesla scanner with a precise image guided targeting of the needle [31]. The design of the
device is simple but was developed for prostate intervention and operates outside of the
scanner bore so size was no issue for this purpose. This method of actuation is not
appropriate for our proposal as size and maneuverability is a concern (Fig. 1.10b).

Fig.1.10: (a) Planetary gear mechanism. (b) Picture of the manual actuator showing
different components [31]
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1.3.5 Other actuation methods
Other nonconventional types of MR-compatible actuation are as follows [2, 32]:
1. Electrostatic Actuation method is MR-compatible materials as it does not contain
any ferromagnetic materials. A linear electrostatic motor was evaluated in [33].
The high power electrostatic linear motor proved to be MR-compatible and does
not affect MRI imaging. The maximum thrust force was around 10 N at driving
voltage of 1.6 kV. Another film-based actuator was presented in [34]. This strong
motor was not tested in the MRI scanner. The maximum thrust force was 310 N at
1.4kV. However, the power electronics of the electrostatic actuators still require
development before becoming an alternative [32], and also the high voltage can be
a safety concern.
2. Electrostrictive polymer actuators (EPAM) were investigated by Vogan et al. [35].
The compatibility of EPAM actuators and in MRI was demonstrated without
degrading image quality. Silicone-made contractile dielectric elastomer actuators
were tested in [36] and there was no degradation of both the actuator performance
in the MRI environment either when powered by AC or DC voltage. This method
needs high voltage for actuation which can be a safety hazard.

1.3.6 Summary
Some actuators cause image distortion when they are too close to the imaging area.
Transmission systems such as shafts, belt or chain drive systems must be used when the
motors is placed remotely from the scanner leading to performance limitations such as
joint flexibility, backlash, and friction. Other actuators are complex to control, have safety
issues, and lack compactness in size, these issues can be addressed by proposing a new
method of actuation for MR-compatible actuation that is stiff, compact, and create enough
force to perform successfully inside the magnetic environment without degrading the
imaging performance of the scanner. The actuation method proposed in this work is
piezoelectric actuation method as it is MR-compatible, compact in size, generates high
force and easy to control, details of this method will be discussed in the next section.
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1.4 Piezoelectric Actuation method
Several types of piezomotors have been developed by researchers over the years and they
can be grouped into two major groups; the first group is ultrasonic motors and the other is
discontinuous motion motors. In the first group (ultrasonic motors) the output member is
constantly in contact driving member and the piezoceramic is driven at an ultrasonic
frequency range which is the ceramic resonant frequency. To control the speed of this
motor the drive signal amplitude is varied while the drive signal frequency is kept
constant. Examples for this group of motors are Travelling Wave [37], Elliptical Push
[38], and π-shaped motor [27]. In the second group (discontinuous motion) moving to the
desired position involves a sequence of clamping and extending operations. The speed can
be controlled by varying both the amplitude and the frequency of the drive signal.
Examples for this group are piezoworm [37], caterpillar motor [39], and walking motor
[40]. In the thesis we are interested in the second group (discontinuous motors) as it
generates high force and easy to control and specifically the piezoworm because it is the
simplest and most cost effective in this group.

1.4.1 Introduction
In [41] a brief history of piezoelectricity was presented. It was stated that the name
‘piezoelectricity’ is the direct translation of the Greek word piezein which means “pressure
electricity”. It was continued that the phenomenon was discovered by the Curie brothers
Jacques and Pierre in the 1880, the observation they made was noticing the electrification
of certain natural crystals under mechanical pressure.
The piezoelectric phenomenon was explained in [41] as the development of electric charge
inside the piezoelectric material in response to the mechanical stress applied. It is
continued that the direction of the stress affects the polarity of the charge meaning that
tensile stress will produce a reverse charge of the tensile one. Piezoelectric material is
capable of the inverse piezoelectric effect, when an electrical field is applied the material
deforms in the direction of the strain inversely proportional to the direction of electric

14

field. Also shear piezoelectric effect is possible [41]. One of the common piezoceramics is
the lead zirconate titanate (PbZrO3-PbTiO3) or (PZT) [43]. In this research PZT is used in
the piezoworm actuation method used in form piezoelectric stacks (Fig. 1.11) which
generates high force in a small package and are MR-compatible.

1.4.2 Piezoelectric stack actuator
Motors are developed using peizoelectric actuators concepts as they can endure very high
compressive forces, generate high load capacity, possess high stiffness, short response
time, high acceleration and offer theoretically unlimited resolution [42]. Piezoelectric
actuators consumes very small amount of power as it behaves like a pure capacitive load
[42]. On the other hand, piezoelectric actuators operate with potential differences between
100-1000V, have very small strains rates, exhibit hysteresis, creep (drift), and aging. The
most commonly used piezoelectric actuator is the stack actuator as can generate the
highest forces and long travel ranges [42].
Piezoelectric stacks are constructed from multilayers and each stack is composed of
several piezoelectric layers as shown in Fig.1.11. Linear displacement is produced due the
piezoelectric effect when the voltage is applied. Since the ionic shift and orientation of the
PZT unit cells is the base for displacement of a piezo actuator, the resolution depends on
the electrical field applied [42]. As there are no threshold voltages for displacement the
resolution is theoretically unlimited. This make the voltage source stability very critical
and position changes can be caused by noise even in the μV range [42].
The application in question dictates the size of the required dimensions of the stack. The
displacement is usually a percentage of the height (up to 0.2%) and the cross sectional
approximately proportional to the produced force [42]. Fig.1.12 shows two stack actuators
from Physik Instrumente (PI) GmbH & Co. The two types of stacks used in the actuator
are from the same company, one having dimensions of 5x5x18 mm provides a
displacement of 15 μm and a blocked force of 900 N and the other having dimensions of
5x5x9 mm provides a displacement of 6.5 μm and a blocked force of 800 N.
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1.4.3 Piezoworm motors
Typically a piezoworm linear or rotary motor has three piezoelectric components: two
clamping actuator and one extending actuator.
The motor moves to its commanded position by using sequential clamping and extending
action to realize a step either forward or backward [44]. Fig.1.13 presents the principle of
the piezoworm sequential linear stepping. Size and rate of the step can be controlled to
achieve the desired performance. This range of motion can be in centimeters range and
realizes nanometer scale accuracy.

Fig.1.11: Structure of a piezoelectric stack [42]
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Fig.1.12: Piezoelectric stacks from Physik Instrumente (PI) GmbH & Co. [43]
As mentioned earlier the material of the stack actuators used is usually PZT (Lead
Zirconate Titanate). The stacks consists of many thin PZT wafers glued together and are
utilized in the direction of motion that produces large force (1000 – 30,000 N) but small
displacements (strain < 0.02%) [45].
Piezoworm actuators utilize the normal forces and friction coefficient between moving and
the stationary parts to transmit loads through frictional clamp producing output forces in
the range between 3 N to 200 N [45]. The output forces can be increased by properly
developing an efficient clamping mechanisms to transfer most of the PZT produced force
as demonstrated in [46, 47].
With proper design of clamps the piezoworm configurations can potentially have a high
force/size ratio and still possess moderate speed making this configuration ideal for high
force and restricted space applications.
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Fig.1.13: Operation principal of piezoworm and sequential stepping

1.4.4 Summary
The proposed device design will be based on the piezoworm principle of actuation. The
device will be compact and powerful enough to function inside the scanner bore.
Furthermore, constructing the enclosing and supporting structure from nonmagnetic
materials, and using piezoelectric materials for actuation will make the device design MRcompatible. The component constructing material mechanical properties should be
evaluated for strength and stiffness for the device to function properly which will enhance
the overall system performance. Another advantage for the proposed concept is the
vibrational nature of the piezoworm setup will help in the safe piercing of the tissues
makes it the ideal method of actuation for our purpose.
Finally, to achieve combined linear and rotary motion in a compact size configuration,
innovative design methods have to be used. Literature survey of piezoworm designs will
be presented in the next section.
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1.5 Piezoworm Motor Designs
In literature the piezoworm is categorized based on the design configuration, but to
distinguish between the different types of motion the following categorization of designs
will be used to differentiate between each type:




Linear motion designs
Rotary motion designs
Combined linear and rotary motion designs

1.5.1 Linear Motion Piezoworm Motor Design
Linear piezoworms fall in one of three fundamental groups [48], in the first group the
actuation mechanism moves with the connected shaft along the actuation path. This
configuration is known as a “walker”. The “pusher” is the second configuration. Here, the
actuation mechanism is fixed and not connected to the shaft. The extender incrementally
pushes the clamped shaft along the actuation path using piezoworm technique. The final
configuration is the “Hybrid” which is a mix between the two previous groups [48].
Hsu [49] introduced the first piezoworm actuator that was patented in 1966. The design
was a “Hybrid” actuator that used a single hollow cylindrical element to extend. As shown
in Fig.1.14.The clamping device consists of balls wedged in an annular circular slot
holding on the shaft. A ball is held by means of a spring from one side and by a two layer
piezo disc from the other side. When the disc is energized the ball moves towards the
bigger area of the wedge releasing the shaft which is now free to move in one direction.
By alternating between the two clamps reverse direction can be achieved [48].
A more precise "Hybrid" piezoworm actuator was developed by Locher 1967 [50]. The
device was able to achieve individual steps of 13 µm. The concept behind this idea was the
use of clamping elements to engage one of the shaft ends when it is extending while the
other element is free, this mechanism is known as "clam-claw" mechanism and is shown in
Fig. 1.15 [48].
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Fig.1.14: Hsu “Hybrid” piezoworm design [49].

Fig.1.15: Locher “Hybrid” piezoworm mechanism without all electrical circuitry [50].
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In 1968 the first “walker” was developed by Brisbane [51] the design was very simple as
shown in Fig.1.16 with an increment step size of 5 µm [45, 48]. Cylindrical piezoceramic
elements were used with the intention to achieve micron range positioning for tooling with
speed of 50 mm/sec [48].

Fig.1.16: Brisbane “Walker” piezoworm design [51]

Galutva et al. in 1972 [52] is the first example to use piezoelectric stacked actuators to
create a piezoworm motor of the “Walker” type. The piezoelectric stacked actuators were
used both to create the forward motion and to directly clamp the walls of the guideway.
The motor moves through a guideway by utilizing its clamps and extension parts [45].
One of the most important piezoworm motors of type “Pusher” was introduced by
Bizzigotti and May [48]. The design was produced by Burleigh Instruments Inc. [53] and
was used as a basis for their production Inchworm motors in 1975 for 30 years under the
commercial name Inchworm® [45]. In this case, like the “walker” type piezoworm, the
clamps and the extension actuator are stationary and responsible for generating
movements. However, a shaft is moved instead of the motor body (see Fig.1.17).
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Fig. 1.17: Burleigh Inchworm® design [53]
Since the 1960s, there is an immense interest in researching piezoworm motors research.
There have been two main trends for this interest the first was large scale applications such
as space structures and precision machine tools and the main objective here is long stroke
and large output force for the device [45]. The other branch is focusing precise positioning
for applications such as MEMS applications.
One of the first designs for precision tools is the work done by Zhang and Zhu [44]. The
actuator uses monolithic flexure structures and preloaded devices to protect piezoelectric
stacks from bending or shearing stress during operation and increase the device stiffness
(see Fig.1.18). The device produces very large output force 200 N with range of 300 mm
and speed of 6 mm/s.

Fig. 1.18: Zhang & Zhu piezoworm design [44]
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Another device was developed by Tenzer and Ben Mrad [54]. A piezoworm positioner
developed was shown to have stiffness in the direction of motion of 88 N/µ m, a maximum
thrust of 150 N and a traversing speed of up to 20 mm/s.
In [55] a novel proof of concept prototype Mesoscale Actuator Device (MAD) has been
developed.

The MAD is similar to piezoelectric driven inchworm motors with the

exception that mechanically interlocking micro-ridges replace the traditional frictional
clamping mechanisms to increase the output force and the device had a maximum speed of
5 mm/s and a thrust of 245 N. Also [56] worked on the same idea of micro-ridges but with
a different profile for the teeth, the performance of the actuator was speed of 11mm/s load
capacity of 450N.
Increasing the stroke of the extension by using amplification mechanism was investigated
by Tenzer et. al [57] the results showed that the amplification is inversely proportional to
the square of the lever ratio which decreases the stiffness of the flexure dramatically.
The second trend group for precise positioning was the work done by [58] a piezoworm
linear motor was developed with a reduction lever mechanism providing ultra-high
positioning accuracy. It consists of a push pull mechanism and the step movement of 1 µm
to 82.5 µm.

Summary
The “Hybrid” and the “Pusher” type are simpler than the “Walker” type in terms of
operation and manufacturing. In the “Hybrid” and the “Pusher” piezoworm, the fixed
clamps reduce the complexity during large step positioning. Nonetheless, the “Walker”
type has advantage of providing higher load capacity for the same size motor because
there is more surface area for the clamps to contact which means higher friction forces.
The pusher configuration is more favorable for the proposed actuator as the shaft weight is
less than the other elements hence will be more responsive and image distortion will be
minimal.
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1.5.2 Rotary Motion Piezoworm Motor Design
Rotary inchworms are not commonly used as ultrasonic motors and are not well
researched as their piezoworm linear counterpart. But on the other hand they have an
advantage over designs involving the use of torsional or obliquely polarized piezoelectric
elements that produce angular motion. The output and static torque of these torsional
elements is limited to the direct carrying capacity of the element [59, 60]. Furthermore, the
difficulty of obtaining continuous rotary motion from torsional piezoelectric elements
without complex designs did not make this actuation method a good alternative for the
proposed actuator and was not surveyed in this work.
The rotary inchworm has the same principle of motion as linear inchworms. There is a
rotational mechanism instead of the extension one in the linear motion. Two sets of clamps
exist for holding and releasing the rotary mechanism. Rotary inchworm motors can be
grouped into three types:
I.
II.
III.

Disc motors – clamp on face of the disc (Fig.1.19) [61, 62],
Drum motors – clamp on inside diameter of drum (Fig.1.20) [63, 64],
Shaft motors – clamp on outside diameter of shaft (Fig.1.21, 1.22) [65, 66, and
67].

Since the amount of torque is proportional to the clamping radius, the distance from the
axis of rotation to the clamp point, the shaft motor will have much less torque than the disc
or drum motors. However, it also has less inertia so it will be more responsive. The
amount of rotation per step is inversely proportional to the clamp radius so the shaft motor
will have a large step size. This means it can attain higher speeds but the resolution will
be negatively affected.
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Fig. 1.19: Piezoworm disc motors (a) Oliver et al. (b) Fujimto [61, 62]

Fig. 1.20: Piezworm drum motor (a) Duong et al. (b) Jianfang et al. [63, 64]
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Fig. 1.21: Piezoworm shaft motors (a) Gursan (b) Mori [65, 66]

Fig. 1.22: Assembly diagram of shaft piezoworm motor actuated by belts [67]
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Summary
For the types of the rotary motors surveyed, the disc type has most output torque, low
speed, and is the least responsive. On the contrary, the shaft has the least output torque,
highest speed, and is the most responsive. As for the drum type its parameters is
intermediate between the two previous types. Since, the space is limited inside the MRI
scanner and the compactness in size is crucial therefore the piezoworm shaft motor
principle is ideal for the proposed actuator. It is more compact than the disc or the drum
type and more responsive. Furthermore the torque needed to rotate in soft skin tissue is
low but response time is a key in the motor performance.

1.5.3 Hybrid Motion Piezoworm Motor Design
To the authors’ knowledge combined linear and rotary piezoworm actuation for MR
environment was not used in the literature except for [69] as it is challenging to create the
combined motion using off shelf components. Hence, innovative design methods have to
be utilized to achieve this task. In this section some of the state of art combined actuation
is presented which mainly is piezoelectric ultrasonic motor based.
The design by Staufenberg et al [68] was patented in 1986 (see Fig.1.23). The pusher type
actuator was capable of translational or rotational motion. Clamping/tangential extension
was applied by various actuators to produce the rotational motion. Similarly the
translational method was realized but was using a rocking method to propel the shaft
forward [48].
In [69] a rotary-linear piezoelectric actuator (RLPA) was presented. It is based on the
principle of the ultrasonic motors. The stator of this motor is manufactured from a
phosphorus bronze material for MR-compatibility. The stator is a rectangular solid with a
through-hole where the shaft fits in with a non-clearance fit capable of sliding along
rotating around the holes’ axis (see Fig.1.24a). On the surfaces, four piezoelectric elements
are bonded to the stator (see Fig.1.24b).
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Fig. 1.23: Staufenberg clamping/tangential extension (a) rotation (b) translation [68]
The stator gets excited at its natural frequency by applying driving voltages to the
piezoelectric elements and the inner surface of the stator generates elliptical motion. This
elliptical motion can generate either linear or rotary motion at a given time. The generated
linear/rotary motion is a based on the friction between the stator and the shaft surfaces.
The cubic stator dimension in this experiment was 14 mm with a hole of diameter equal to
10 mm, the reported maximum torque and rotary speed were 2.5 N. mm and 120 rpm and
the maximum thrust and linear speed were 0.33 N and 85 mm/s. The device was tested in
0.3T MRI machine and was proven to be MR-compatible.
Another experiment was conducted on the actuator outside the MRI machine using a steel
shaft with values of 160 rpm and 63 mm/s at voltage of 42 V were reported in [70]. The
device was miniaturized to a cube size of 3.5 mm and hole size of diameter of 2.5 mm and
the results for the experiment were rotary motion of 229 rpm and 2.5 N.μm and linear
motion of 80 mm/s and 2.6 mN was observed at voltage of 42 V [71].
In [72] an MR-compatible actuator 2 DOF actuator design for needle insertion actuator
with a fiber optics force sensor feedback was introduced (see Fig. 1.25a).
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Fig. 1.24: (a) Schematic of the RLPA (b) Stator and the applied voltages [70].
The actuator is capable of simultaneous rotation and translation of the needle and is
mounted on 3-axis linear stage for positioning the needle insertion point (see Fig.1.25b).
The device is remotely operated and based on master-slave configuration. Ultrasonic
motors capable of creating 10 N of force, and up to 16 N holding forces were used for
linear actuation. The system material includes high strength plastics (Ultem and PEEK),
DRYLIN and aluminum for MR-compatibility.

Fig. 1.25: (a) CAD model of the needle drive (b) mounting of the actuator on the stage for
needle rotation and transition motion [72].
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The envelope dimension of the positioning stages is 25 cm by 15 cm by 18 cm with a
horizontal translation of 5 cm, vertical translation of 5 cm, and insertion translation of 10
cm which is sufficient when working out side of the confined MRI bore space.
Furthermore no performance data was reported and the use of the driving belt concept to
transfer rotary motion decreases the compactness of the device to be an attractive
alternative for the proposed device.

Summary
The design by Staufenberg [68] is the simplest in concept as it does not need complicated
driving signal as the other two ultrasonic motors design but no combined motion was
reported. The exceptional idea of using the same element for rotation and translation
(shaft) is also used in [69] which ensure the size compactness but the output force and
torque is very low. Using a separate actuator for each type of motion as in [72] makes the
actuator bulky for use inside the scanner. The idea of the shaft rotation and translation is
well suited for the proposed device to keep the image distortion to a minimum level when
present in the FOV of the MRI scanner.
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1.6 Thesis Outline
The thesis outline is as follows:
Chapter 2: discusses the concept of MR- safety and MR-compatible materials through
the testing of twelve engineering materials. The work in this chapter focuses on the effects
in the MRI due to the material susceptibility, induced forces, torques, and image artifacts.
These materials were selected based on their hardness, stiffness and strength. Theoretical
estimation and experimental validation was carried out and trends were presented. This
chapter serves to aid designers/engineers to estimate the MRI compatible material
performance before the expensive step of construction and testing.
Chapter 3: presents the experimental work done in testing the twelve engineering
materials in term of induced heating inside the MRI environment. It discusses in detail
induced heating due to gradient and RF fields. Theoretical models augmented using finite
element analysis is used to consider several geometrical shapes under gradient heating.
The results are validated through bench-top experiments.
Chapter 4: is an overview of the design process the piezoworm motor based on the
flexure mechanism and complementary clamp configuration. This chapter discusses the
design configuration used in the development of novel actuator from the choice of the
moving shaft concept to produce the minimum image distortion possible without affecting
other parameters.
Chapter 5: presents the static and dynamic performance of the manufactured prototype.
An experimental assessment of the effects of the frequency and applied force on the
piezoworm performance is demonstrated. The comparisons between the analytical and
experimental results were discussed.
Chapter 6: summarizes the entire project, and proposes future work.
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1.7 Thesis Objectives
The main objective is to develop a 2 DOF piezoelectric actuator to perform inside the MR
environment with micrometer range accuracy, and targeted design parameters presented in
chapter four as follows:


Analyzing the performance of candidate engineering materials in the MRI
environment and comparing them in terms of expected forces, torques, and image



artifacts.
Analyzing the performance of candidate engineering materials in the MRI
environment in terms of induced gradient and RF heating for safety



considerations.
Developing a novel MR-compatible 2 DOF compact actuator design with
complementary clamps mechanism.

1.8 List of Contributions
The list of research contributions presented in this thesis is as follows:


A quantitative comparison tool for aiding designers/engineers to have an estimate
of the MRI compatible material performance before the expensive step of
construction and testing.
o Modeling and experimental validation of 12 engineering materials used in
MRI environment in terms of induced forces, torques, and image artifacts.
o Modeling and experimental validation of 12 engineering materials used in




MRI environment in terms of induced heat in sample material.
Development and modeling of a novel concept for combined linear and rotary
motion for piezoworm actuator employing complementary clamps.
Implementation of the novel design in a compact prototype for an MR-compatible
actuator with a large load capacity and moderate linear and rotary speed to work
deep inside the MRI machine for accurate needle insertion procedures. The
prototype was subjected to several tests to assess its performance.
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Chapter 2
Predictions of Force and Image Artifacts
in MR-Environment
2.1 Introduction
Magnetic resonance imaging (MRI) has become a standard diagnostic tool in hospitals
around the world. MRI is famous for being incompatible with inclusion of foreign
materials or objects. Despite this reputation, MRI is increasingly being considered for use
in performing image-guided interventional procedures.
When developing tools and devices to support procedures conducted within the MR, the
first question is inevitably which material should be selected. The first and most obvious
exclusion criterion for a device material is that the material must not experience magnetic
force that is very large compared to the weight of the object. This means that the choice is
restricted to nonmagnetic or slightly magnetic materials. Susceptibility, χ, is used to
characterize how easily a material becomes magnetized in a magnetic field and is related
to its magnetic permeability by μ = (1+χ) [15]. Although it is often assumed that only
plastics are compatible for use within an MRI system, this is not the case, with many
metals proving themselves compatible under many circumstances. Even many commonly
available grades of stainless steel can and are used routinely within MR systems.
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Unfortunately many of the least magnetic materials such as plastics do not have desirable
mechanical properties in terms of hardness, stiffness and strength.
An overview of design considerations for devices in MRI is given in [73]. A detailed
approach is described in [74] where a set of equations are used to establish upper bounds
on the susceptibility of the material based on thresholds on induced force and image
distortion. However, the paper does not include experimental validation or consideration
of different scan sequences. Many devices have been developed and tested for MRIcompatibility [75-80], but the results are too specific to the devices to be able to generalize
or relate to a new device in development. Some studies have focused on more generalized
testing [81, 12]. In [12], beryllium-copper and four types of steel cylinders were studied
but the results were compared qualitatively and only one scan sequence was used. The
results in [81] are far more extensive with 22 engineering materials (seven metals) studied
using two scan sequences. The materials were compared quantitatively using the extents of
the image artifact. However, the study did not relate the size of the artifact to the material
susceptibility or to the scan sequence parameters. Both [81, 12] do not attempt to predict
the size of the artifact which is useful to the engineer in the design phase. The static field
perturbations can be estimated numerically based on the effect on susceptibility of the
materials [82-85].The focus of these studies was on improving the image quality and not
estimating the size of the artifacts and the algorithms are not easily utilized for design.
Additionally, they did not compare the results for different scan parameters and materials.
In [86], a number of stainless steel and titanium needles were examined with 8 different
scan sequences but the work is not easily extended to other objects as no analytical
estimates were made. A set of papers [87–89] investigated the use of numerical
simulations to predict the region of distortion for needles for various scan sequences.
The focus of these studies was the artifact around the needle tip and the predicted artifact
and experimental artifact were not directly compared quantitatively.
In this research, a quantitative comparison of engineering materials in the MRI is
presented. A comparison to theoretical behavior is also made in order to provide a
designer/engineer a rough estimate of the expected MRI performance before the expensive
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and time-consuming steps of construction and testing. The specific focus of this chapter is
on the effects in the MRI due to the material susceptibility alone, namely the force and the
image artifacts. Experiments were performed on slender cylinders of twelve common
metals. A cylinder is a common shape in devices in terms of fasteners and shafts and it is
easily modeled in the theoretical analysis. The goal is to provide rough answers to basic
questions, such as the following: “Is it possible to obtain essentially normal MR images in
the vicinity of a stainless steel rod? How far from the imaging region would such a rod
need to be? “Does it need to be 1 m away? 10 cm away? 1 cm away?”. These are
important and apparently simple questions, yet it is very hard to answer them based simply
on a first-principles analysis. The results of this research will provide answers to these
basic questions for commonly used engineering materials.

2.2 Background and theory
The challenge in understanding how different materials will behave when exposed to the
practical MR scanner environment is easy to appreciate once one realizes the complexity
of the electromagnetic environment within the scanner. A very strong, static magnetic field
is always present within the bore of the MR system. This field is typically between 1 and 3
T (with 1.5 T and 3.0 T systems by far the most common field strengths in clinical use),
and is uniform to several parts-per-million over the 40 to 50 cm diameter imaging volume.
Outside this imaging volume, which is located at the center of the system, this static field
varies spatially, falling to a fraction of the main field value once outside the bore. Fields in
excess of 5 mT extend out to distances of several meters from the magnet. Superimposed
on this static field is a time varying, spatially varying magnetic field which is modulated
with a complicated and application-specific waveform in the low audio-frequency band
(typically most power is near 1 kHz). This audio frequency time varying magnetic field is
called the gradient field. Typical peak amplitudes of magnetic field produced by the
gradient system can be as high as a few tens of µT.
The dB/dt associated with the rapidly switched gradient fields can exceed 100 T/s within
the scanner bore, although values between 20 and 50 T/s are more typical. In addition, a

35

time varying and spatially-varying radio-frequency (RF) magnetic field is present, again in
a manner which depends greatly on the specific MR-protocol being applied. The RF field
has a frequency which is chosen based on the field strength of the scanner. The most
common magnet field strengths of 1.5T and 3.0T have RF frequencies of approximately 63
MHz and 128 MHz respectively. The RMS amplitude of the RF magnetic field is typically
between 3 and 5 μT for the most demanding MRI pulse sequences. The strength of both
the gradient and RF fields fall very quickly beyond the imaging region of the system and
are generally considered to be negligible outside the bore of the MR system.
It is difficult to fully model the behavior and effect that a sample of a given material will
exhibit within the MR system. The different components of the electromagnetic
environment mentioned above all have different effects on materials. Furthermore, the
effect that a material will have on the otherwise normal operation of the scanner will
depend on how that material interacts with the different fields. The parameters that can
affect how a material behaves within the MR system include but are not limited to:
magnetic permeability, electric permittivity, electrical conductivity, thermal conductivity,
specific heat capacity and density. Further complicating this is the fact that many of these
parameters, for example electrical conductivity, are strongly frequency dependent. Finally,
the specimen geometry including the shape and surface area can be an important factor in
the interactions with the MR system.
Sufficient data on the behavior of engineering materials is also not readily available and
many reports in the literature are specific to a device and so general conclusions cannot be
drawn. There are many interactions that can occur between a device component and the
MR scanner. There are generally forces and torques experienced by the device when
brought into the region of significant static field. Mechanical vibration can occur in the
device due to time-varying eddy currents induced by the gradient fields. Heating of the
device will occur both due to gradient-induced eddy currents, as well as RF eddy currents
within the device. The presence of the device component will generally result in a
distortion of the field uniformity of the scanner, with this effect increasing with the
magnetic permeability of the object, as well as its size.
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Image artifacts will result from magnetic field distortions due to the object. These artifacts
can take the form of signal voids within the MR image, or spatial distortions of the object
being studied. The force and torque effects, as well as the image artifacts, will be
described in greater detail in the paragraphs below.
In order to make material selections at the design stage, one needs to estimate the effects
of the material in the MRI. The calculations would be based on the specifications provided
by the manufacturer of the MRI system. The accuracy of performing such calculations will
be presented in the discussion section. The initial consideration would be the induced force
caused by the spacial gradient of the static magnetic field. The materials considered in this
chapter have sufficiently low susceptibilities that the concern is not structural failure but
significant deflection could cause inaccuracies, impeded motion inside the device or
become missiles if they were to come loose. From [90], an estimate of the force on a
slender rod due to the static magnetic field,
is volume susceptibility,
and

, is given by equation (2.1) where F is force,

is the field gradient,

is permeability in free space

is volume of the rod. The force is highest where the product in the brackets is a

maximum which is usually at the entrance of the MRI bore.

(2.1)

The second major effect that the presence of a magnetic material has within the MR is to
cause spatial distortions within images. MR ultimately achieves spatial encoding of the
object via a phase-encoding of position, and this phase encoding is achieved by making the
magnetic field across the object a known and controlled function of position and time.
Anything that affects the magnetic field uniformity beyond what is applied during the
imaging process confounds this encoding and results in an image distortion. Even the airtissue interfaces within the human body result in image distortions; however, these tend to
be small and well-understood. The presence of a foreign material sample generally
presents a much larger distortion. The degree and nature of this distortion depends on both

37

the field distortion produced in the vicinity of the foreign device (which itself depends on
the material, orientation and size of that device) and the exact MR pulse sequence which is
applied. Different MR pulse sequences result in very different forms of image distortion
for the same field distortion. The details of these effects are complicated but well
understood within the MR community. We will outline the two basic classes of commonly
used pulse sequences and the nature of the distortions produced by an object when
exposed to each. Probably the most commonly used class of MR pulse sequences is the
gradient echo (GE) sequence. In a gradient echo pulse sequence, a single RF pulse is
applied at the beginning of the encoding process, which is then followed by a series of
gradient field pulses. The gradient pulses can be positive or negative amplitude. Spatial
encoding of the object is accomplished entirely by the timing and polarity of these gradient
pulses. Each RF pulse is followed by a train of gradient pulses (sometimes called “lobes”),
which continues for a time typically less (sometimes much less) than 100 ms.
The signal is read at the time TE (echo time) after the RF pulse. Another RF pulse is
applied at a time TR (relaxation time) from the original RF pulse and the process is
repeated. A full image is formed after several hundred RF pulses and corresponding
gradient pulse trains. When there is field non uniformity present, GE images will in
general exhibit image drop-outs or voids, and image spatial distortions or warping due to
signal de-phasing [91]. If the field non uniformity is significant over the extent of a single
pixel in the reconstructed image, the effect is a significant drop in the signal amplitude for
that pixel. If the field non uniformity is not significant over a single pixel but still present,
a spatial distortion is created, the exact nature of which depends on the precise nature of
the field non uniformity and the specific gradient field directions applied during image
acquisition. When a significantly magnetic material is within the imaging region, both
effects will generally be present. A signal void will be seen in the immediate proximity of
the material, and an image distortion will be seen in the area immediately surrounding the
void.
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The only means of reducing these effects is to increase the speed of the imaging sequence
(which serves to reduce the amount of void) and to increase the strength of the gradient
fields used during imaging (which results in reduction of the distortion area). The second
major class of MR pulse sequences is the Spin Echo (SE) sequence. In SE sequences,
multiple (typically two, but more are possible) RF pulses are applied, in addition to the
gradient field pulse train. The second RF pulse is designed to influence signal phase within
the object, which affects the spatial encoding. The important result in the present context is
that the SE sequence causes a reversal and canceling of the de-phasing effects due to static
field non-uniformities within the sample. This means that the signal voids which are
typical of GE sequences are avoided when using SE sequences. The spatial distortions or
warping still occurs however. In this study, both GE and SE sequences were used in order
to characterize the material samples under both circumstances.
Estimation of the actual image artifacts outlined above is a complicated process which
depends greatly on the specific details of the GE or SE sequences used. The analysis
presented in [15] will be used, which simply considers the disturbances in the static
magnetic field due to the sample. The analysis from [15] will be used to predict a radius
around the rod which has significant distortion. The idea is that a designer would ensure
that the component is sufficiently far away from the region of interest. For a slender rod of
radius a perpendicular to the static magnetic field, the disturbance in the static field, Bz is
given by equation (2.2) where x and z are perpendicular to the rod axis and z is parallel to
the static field.

{
The position error,

(2.2)

(mm), is given by equation (2.3) where BW is the receiver

bandwidth, FOV is the field of view and

is the gyro-magnetic ratio.
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(2.3)

If equation (2.2) and (2.3) are combined, the resulting distortion pattern is cloverleaf
shaped as shown in Fig. 2.1. To estimate the size of the distortion, a limit on
be set

needs to

and then equation (2.2) and (2.3) can be solved to get the distance along the z-

axis corresponding to this level as shown in (2.4). Both (2.1) and (2.4) will be compared to
the experimental results.

(

)

(2.4)

2.3 Materials
2.3.1 Samples characterizations and properties
Twelve engineering material samples were evaluated during the experiment. These MRcompatible materials range from the first kind compatibility to the second kind as
explained in [15], material are listed as per commercial name and Society of Automotive
Engineers (SAE) Unified Numbering System for Metals designation in the Table 2.1.
All samples are round cylinders with half an inch diameter and five inches of length as
shown in Fig. 2.2 and 2.3 [Right]. This shape was selected to present the most commonly
used component in mechanical devices (screws, shafts, etc...). Table 2.2 shows some of
the main properties of interest for the sample materials namely susceptibility, modulus of
elasticity, and yield strength. Samples were arranged in this table according to their
susceptibility property values in an ascending order and not according to the testing order
and this arrangement will be used for identification throughout the text. Sources for all
properties in Table 2.2 are from [92-96]. Note that the value of the volume susceptibility
for brass 360 specified in the literature seems to be off by to two orders of magnitude as
will be discussed later. The value listed in table is the corrected value.
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Fig. 2.1: The contours of constant

(theoretical distortion region)

First kind
Second kind

MR compatibility kind

Table 2.1: Unified Numbering System for Metals designation
Material Name
Ultra-Corrosion-Resistant Stainless Steel (Alloy 20)
Stainless Steel (Type 304)
MONEL® Alloy K-500
INCONEL® Alloy 625
Titanium (Grade 2)
Free-Cutting Brass (Alloy 360)
High strength Bronze (Alloy 642)
Aluminum (AL 2024)
Aluminum (AL 6061)
Beryllium copper (C17510)
Phosphor Bronze (Alloy 510)
Tellurium Copper (Alloy 145)

UNS
N08020
S30400
N05500
N06625
R50400
C36000
C64200
A92024
A96061
C17510
C51000
C14500
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Table 2.2: Some properties of interest for the test samples
Sample Material
Susceptibility
Modulus of
Elasticity
[ppm]
[GPa]

Yield
Strength
[MPa]

Copper 145

-9.63

119

205

Phosphor Bronze 510

-5.86

111

342

Beryllium copper
17510
Aluminum 6061

4

138

210

19

69

275

Aluminum 2024

19

73

290

Bronze 642

100

115

310

Brass 360

112*

106

172

Titanium Grade2

182

114

275

Inconel 625

600

207

517

Monel K-500

1100

180

790

Stainless steel 304

3520

193

310

Stainless steel 20

3520

190

241

* value suggested in this thesis and number sources [92-96]

2.4 Methods
2.4.1 Setup of the experiment
Fig. 2.2 show the experimental setup using the phantom for the image artifacts experiment
which was performed in 3T MRI system (Siemens Tim Trio, software version VB17A).
In image artifacts experiments were conducted using the whole-body RF transmit/receive
coil only.

2.4.2 Samples orientations
To achieve consistent positioning and repeatability of results a plastic frame was
fabricated and fitted on top of the phantom used in the experiment. The plastic frame
consisted of adjustable clamps that have several degrees of freedom to position the
samples accurately and consistently during the experiment as shown in Fig. 2.2.
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Fig 2.2: shows the setup configuration for the image distortion experiment and the small
phantom.

2.4.3 Phantom design
For evaluation of image artifacts an enclosed phantom was fabricated with rectangular
dimension (300 x 300 x 100 mm) to decrease the field of view (FOV) for better imaging
results. The phantom was filled with canola oil to ensure the homogeneity of the magnetic
field is not compromised and was fitted with equally spaced grids (10 x 10 mm grid size
and spacing of 17.38 mm between grids) for positional references. Air bubbles were
extracted manually from the enclosed volume to ensure that it will not add to the image
distortion from these residual, refer to Fig. 2.2.

2.4.4 Assessment of magnetic field interaction
The samples were evaluated for induced transitional force, and torque was calculated using
the 3T MRI system parameters and susceptibility

2.4.4.1 Translation forces induced in the sample
For translational attraction, the deflection angle was measured following the standard
ASTM F 2052 – 06 [97] by using the fixture shown in Fig. 2.3 [Left]. Measurements of
deflection angles for each device were obtained at the position in the scanner that
produced the greatest magnetically induced deflection. For this particular 3T MR system,
the highest spatial gradient occurs at a position that is 874mm -/+ 0.5mm from isocenter
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and the sample at 100 mm height from the base (magnetic spatial gradient 38 mT/m per
axis and 200 µs rise time).

Fig. 2.3: [Left] shows the test fixture used in performing the force measurement, [Right]
the shape of the test samples used in the experiment.

2.4.4.2 Torque forces induced in the sample
Torque was qualitatively estimated for each device and for evaluation each device was
placed in the scanner to be observed for alignment or rotation relative to the static
magnetic field of the MR system while hand gripped and positioned inside the bore of the
scanner. The following two state methods were applied:
1) No torque state: when the device showed no sensible change to align to the
magnetic field.
2) Torque state: when the device slightly changed to align to the magnetic field.
These two states were only chosen as low torque value was anticipated due to
susceptibility values of the tested samples.

2.4.5 Assessment of the image artifacts
Magnetic resonance imaging related artifacts for all samples tested in the 3T/128MHz MR
System (Siemens Tim Trio,

software version VB17A)

using the whole-body RF

transmit/receive coil only and using two pulse sequence and varying different parameters .
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2.4.5.1 Imaging protocols parameters
Magnetic resonance imaging was performed using a transmit/receive RF whole-body coil
for all samples to study different image distortion conditions. The position for landmark
(i.e. the center position region for the MRI testing) was fixed for consistent repeatable
results. The landmark positions were the center of the sample when placed in the middle of
the phantom. Three different GE and TSE conditions were achieved by varying the TR,
TE, and bandwidth parameters to investigate possible image artefacts in the test samples.
Table 2.3 shows the pulse sequence parameters for image distortion used in the
experiment.
Table 2.3: Pulse sequence parameters for image distortion used in the experiment
Sequence ID
Sequence Type
TR (ms)
TE (ms)
Flip angle (deg)
Field of view
(mm)
Matrix size (px)
Section thickness
(mm)
Bandwidth (Hz/Px)
Imaging plane
No. of slices
Imaging time
(mm:ss)

G270-4

G810-4

G810-8

T40-30

T250-9

T751-8.8

GE
200
4
60
360 x360

GE
200
4
60
360 x360

GE
200
8
60
360 x360

TSE
4120
30
180
360 x360

TSE
1270
9
180
360 x360

TSE
1240
8.8
180
360 x360

512 x 512
4

512 x 512
4

512 x 512
4

512 x 512
4

512 x 512
4

512 x 512
4

270
Coronal
16
1:44

810
Coronal
16
1:44

810
Coronal
16
1:44

40
Coronal
16
4:29

250
Coronal
16
1:24

751
Coronal
16
1:22

2.4.5.1 Assessment of signal dropout
Image signal drop out which is mainly evident in the low susceptibility samples when
using the gradient echo (GE), pulse sequence was evaluated by subtracting the signal
dropout in the image in question from the original distortion free image that was taken as a
control at the beginning of the experiment. This image subtraction was carried out after
the gray scale conversion of the image. The number of pixels affected was used as an
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indication of the signal dropout area and the perimeter of this area was extracted to locate
the position of the affected area.

2.4.5.2 Assessment of image distortion
Spatial distortion was the dominating effect in the spin echo (SE) pulse sequence in the
low susceptibility sample. The distortions were evaluated by tracing the displaced lines of
a grid and comparing it to the distortion free line grid before the sample is introduced. By
accumulating the number of affected pixels along with the displacement value for each
pixel of the affected displaced area was calculated and a number of the image distortion
was extracted. For this case identifying the location for the distorted area was not as
obvious as in the case of signal dropout due to the positional shift in the images.

2.4.6 Assessment of susceptibility related to force
There are forces and torques exerted on an object placed in a magnetic field, as a result it
tends to move or rotate relative to this field. The value of induced forces and torques
depends mainly on the strength of the magnetic field and the properties of the material of
the object involved [11].
The dipole moment of an object can be represented as (m = M V) if the magnetization (M)
is uniformly distributed over the object of volume (V). Furthermore, when an object
placed at a certain point in a magnetic field if the object with a permanent dipole moment
(m) it acquires an energy equal to U = m x B₀, or if another object with magnetic dipole
moment proportional to the strength of the applied field at the same point the acquired
energy equal to U= ⅟₂ m x B₀. It is clear from the previous equations that the strength of
the dipole moment, the strength of the magnetic field (B₀) and the angle (θ) between these
two vector quantities are the main factor for the acquired magnetic energy. This magnetic
energy increases due to the exerted forces that attract the object towards the magnetic field
and the torque that align (rotate) the m with B₀. The term for force was given in equation
(2.1) and equation for the torque can be written as follows [11]:
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(2.5)

Where T is the torque, Da is the demagnetizing factor along the axis of symmetry and

is

the demagnetizing factor along the equivalent radial axis.

Fig 2.4: [Left] shows the deflection of 0 deg. for copper, [Right] shows a deflection of 29
deg. for stainless steel.

2.5 Results
2.5.1 Translation force and torque in magnetic field
Maximum deflection angle was measured using the fixture shown in Fig. 2.4. The
deflection was recorded for each sample and repeated 3 times as per the standard ASTM F
2052 – 06 [97] by using the setup shown in the picture. The sample was attached to the
wire and the corresponding angle was obtained. The maximum deflection angle recorded
was 28⁰ for stainless steel (Alloy20) and the minimum was 0⁰ for other samples with an
error bar ± 1⁰ (refer to Table 2.4). The force was calculated using the following formula:
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(2.6)
Where:

For the torque experiment, only a few samples showed a slightly tendency to align to the
magnetic field, namely stainless steel (alloy 20) and stainless steel (Alloy 304). The rest of
the samples showed no appreciable tendency to align to the magnetic field. The value of
the calculated torque was approximately zero.
Table 2.4: The values of measured deflection angle and respective calculated force
Deflection
Density
Susceptibility
Sample Material
Force
3
[mN]
[ppm]
[deg.]
[kg/m ]
Copper 145
Phosphor Bronze 510
Beryllium copper 17510
Aluminum 6061
Aluminum 2024
Bronze 642
Brass 360
Titanium Grade2
Inconel 625
Monel K-500
Stainless steel 304
Stainless steel 20

0
0
0
0
0
0
1
2
4
8
28
29

8900
8170
8200
2700
2700
8170
8540
4420
8500
8830
7750
7750

2
1
1
4
4
19
22
35
115
211
676
676

9.63
-5.86
4
19
19
100
112
182
600
1100
3520
3520

Numbers source [102].

2.5.2 Image Distortion
2.5.2.1 Signal dropout from the GE sequence
Signal dropout around the sample from the GE sequence is shown in Fig. 2.5 and 2.6, the
maximum signal dropout was obtained from testing the stainless steel (Alloy20) sample
and the minimum was obtained from different samples Brass 360, Aluminum, Bronze,
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Titanium, and beryllium copper as they showed negligible signal dropout which was
considered as zero signal dropouts. Table 2.5 presents dropout as a function of different
parameters of the gradient echo pulse sequence (TE and bandwidth) and with an error bar
of the distorted area as presented in the same table. The perimeter of the signal drop area
was extracted for all samples that showed sufficient affected signal dropout area. This was
performed to locate the position and extent of this defected area around the center of the
field of view (FOV) for each material as shown in Fig. 2.7.

Fig. 2.5: shows max signal dropout for stainless steel 20 at different GRE sequence

Fig. 2.6: shows min signal dropout for Titanium at different GRE sequence parameters.
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Fig. 2.7: shows the extracted perimeter for the signal dropout area of stainless steel 20 at
the three different GRE sequence conditions (G270-4, G810-4 and G810-8 as presented in
Table 2.3)

Table 2.5: Signal dropout of different materials for different GRE sequence
Sample Material

Copper 145
Beryllium copper 17510
Phosphor Bronze 510
Aluminum 6061
Aluminum 2024
Bronze 642
Brass 360
Titanium Grade2
Inconel 625
Monel K-500
Stainless steel 304
Stainless steel 20

GRE TE 4ms,
BW 810 Hz
±0.32% Error
bar
158
162
263
236
220
289
633
852
2301
6872
17689
20938

GRE TE 8ms, BW
GRE TE 4ms, BW
810 Hz
270 Hz
2
Signal dropout area ( mm )
±0.93% Error
bar
144
143
134
147
96
127
1506
1887
5282
12905
27871
30671

±0.15% Error bar
9
11
0
0
0
0
422
628
1958
6753
18482
21200
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2.5.2.2 Image distortion from the TSE sequence
Image distortion around the sample from the TSE sequence is shown in Fig. 2.8 and 2.9.
The maximum distortion was obtained from the stainless steel (Alloy20) sample and the
minimum was obtained from different samples brass 360, aluminum, bronze, titanium and
beryllium copper as they showed negligible signal dropout. Table 2.6 presents image
distortion values as a function of different parameters of the TSE pulse sequence (TE and
bandwidth) and with an error bar of the distorted area in the same table.

Fig 2.8: shows max image distortion for stainless steel 20 at different TSE sequence
parameters.

Fig 2.9: shows min image distortion for Titanium at different TSE sequence parameters.
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Table 2.6: Image distortion values of different materials for different TSE sequence
Sample Material

TSE BW 40 Hz

TSE BW 250 Hz

TSE BW751 Hz
2

Distortion Area ( mm )

Copper 145
Phosphor Bronze 510
Beryllium copper 17510
Aluminum 6061
Aluminum 2024
Bronze 642
Brass 360
Titanium Grade2
Inconel 625
Monel K-500
Stainless steel 304
Stainless steel 20

∓ 0.1 % Error
bar
0
0
0
0
0
1
1355
2265
12541
29091
39544
40798

∓ 0.09 % Error
bar
376
323
170
368
178
441
402
158
750
3259
14213
10073

∓ 0.07 % Error
bar
31
64
31
62
38
39
34
32
50
1799
6275
9478

Perimeter of the image distorted area was not so obvious (as in signal dropout) to extract
for samples but geometric shapes marking were used instead as shown in Fig. 2.10.

Fig 2.10: shows distortion area for Inconel and the line tracing algorithm used.
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Table 2.7 lists the results for the force experiments along with the expected force based
from equation (2.1). The scanner specification for the maximum Bo, dBz/dz is 15 to 20
T2/m and the value of 15 T2/m was found to give the closest correlation to the
experimental data.
In summary, image artifacts results can be divided into two types; signal dropout which is
complete loss of signal resulting in a black area and spatial distortion where the image grid
is still visible but the straight lines have been curved (in relation to low susceptibility
samples). In GR the dominant artifact type is dropout (Fig. 2.4) where in TSE both types
exist to varying degrees depending on the material and sequence parameters (Fig. 2.7). As
described in the Methods section, image processing for dropout is straightforward but
distortion requires the use of a custom line tracing program that calculates distance
between the grid lines. An example of the program is shown in Fig. 2.9 is examples of
materials showing no image artifacts. As a result of the complexity of automating image
distortion area extraction manual methods were used to extract the data by means of
geometric shape enclosing the affected area explained in the following section.
Table 2.7: Experimental and calculated sample forces
Sample Material
Susceptibility Deflection

Copper 145
Phosphor Bronze 510
Beryllium copper
17510
Aluminum 6061
Aluminum 2024
Bronze 642
Brass 360
Titanium Grade2
Inconel 625
Monel K-500
Stainless steel 304
Stainless steel 20

[ppm]
9.63
-5.86
4

±1º
0
0
0

Exp.
Force
[mN]
0
0
0

19
19
100
112
182
600
1100
3520
3520

0
0
0
1
2
4
8
28
29

0
0
0
24
24
94
196
650
678

Calc.
Force
[mN]
2
1
1
4
4
19
22
35
115
211
676
676
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Table 2.8 lists the dimensions of a circle drawn around the image artifact as seen in the
view plane. The calculated results using equation (2.4) are given in Table 2.9 which will
be compared to the experimental results after extracting the circle radius manually. Note
that the theory gives a symmetrical artifact region which can be described by a circle
encompassing the artifact affected region whether it is signal dropout or image distortion.
Also, the theory does not predict the penetration perpendicular to the view plane but this
can be easily predicted knowing the slice thickness and distance between slices.
Table 2.8: Experimental image artifacts in view plane
Sample Material

Experimental Region Circle Radius (mm)
G270-4

G810-4

G810-8

T40-30

T250-9

T751-8.8

Copper 145

0

0

0

0

0

0

Phosphor Bronze 510

0

0

0

0

0

0

Beryllium copper 17510

0

0

0

0

0

0

Aluminum 6061

0

0

0

0

0

0

Aluminum 2024

0

0

0

0

0

0

Bronze 642

0

0

0

0

0

0

Brass 360

15

15

25

25

12

12

Titanium Grade2

15

15

25

40

10

10

Inconel 625

40

40

50

60

25

20

Monel K-500

65

65

75

110

47
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Stainless steel 304

77

75

94

125

80

75

Stainless steel 20

80

80

100

150

90

80

2.6 Discussion
Deflection angles for the samples ranged from 0 to 29 degrees with an error bar of ±1.
ASTM International recommends that if the device deflects less than 45°, then the
magnetically induced deflection force is less than the force on the device due to gravity.
This condition implies that the magnetically induced force is no greater than any risk
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imposed by the Earth’s gravitational field. All the tested samples pass the ASTM
recommendations [97].
Forces from the measured deflection angle and also the forces calculated using equation
(2.1) were plotted against the susceptibility as shown in Fig. 2.11. The experimental trend
is linear as expected and the theory slightly over-predicts the force. It was mentioned
previously that the value of susceptibility of brass 360 presented in Table 2.2 was modified
from the value specified by [94].

Table 2.9: Calculated image artifacts in view plane
Sample Material

Calculated Distortion Region Circle Radius (mm)
G270-4

G810-4

G810-8

T40-30

T250-9

T751-8.8

Copper 145

8

5

5

21

8

5

Phosphor Bronze 510

6

4

4

16

7

4

Beryllium copper 17510

5

3

3

13

5

3

Aluminum 6061

11

7

7

29

12

7

Aluminum 2024

11

7

7

30

12

7

Bronze 642

26

15

15

67

27

16

Brass 360

27

16

16

71

28

16

Titanium Grade2

35

20

20

91

36

21

Inconel 625

63

37

37

165

66

38

Monel K-500

116

67

67

301

120

69

Stainless steel 304

154

89

89

399

160

92

Stainless steel 20

154

89

89

399

160

92

The stated value in [94] is 11200 ppm but when the value is changed to 112 ppm to be
comparable to other copper alloys the data follows the linear trend. Note that the values for
susceptibility and magnetic field gradient were not experimental measured but were taken
from published data.
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The experiments on image artifacts considered the effects of sequence type, bandwidth,
TE and susceptibility. The data for all the sequences is plotted versus susceptibility in Fig.
2.12. The expected region radii from equation (2.4) are plotted also versus susceptibility in
Fig. 2.13.

Fig.2.11: Experimental and calculated force versus susceptibility
Approximate dependence of distortion area on the various parameters was analyzed by
considering sets of the data. All the data was used for the effect of susceptibility. Below
100 ppm there was no appreciable artifact. Above 100 ppm, the size of the artifact was
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approximately proportional to

as predicted by the theory. Analysis of the effect of

bandwidth used G270-4 with G810-4 and T250-9 and T751-8.8. Both sets showed no
apparent artifact size change over the range of susceptibility. This is counter to the theory
which predicts

dependence. Data from G810-4 and G810-8 showed the effect of

TE on the artifact size.

Fig. 2.12: Experimental artifact radius versus susceptibility
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For the susceptibility values from 100-2000ppm, doubling the TE from 4 to 8 caused a
constant delta of +10 mm for the radius. The delta for 3520 ppm was +19 mm. For the
effect of scan type, G270-4 was compared to T250-9 and G810-8 was compared to T7518.8. TSE shows an increase in artifact size compared to GE with the curves roughly
parallel over the range of susceptibility.

Fig. 2.13: Calculated artifact radius versus susceptibility
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2.7 Conclusion
Data in the published literature is insufficient when choosing materials which possess
sufficient strength and stiffness for MRI-compatible devices. Twelve candidate materials
were selected and experimentally evaluated for induced force and image artifacts for a
number of different scan profiles.
The results were compared to theoretical predictions based on equations available in the
literature. As expected, the force varies linearly with susceptibility with good correlation
with the theoretical predictions except for brass 360. It is believed the susceptibility for
brass 360 in the referenced source [94] was mistakenly recorded and our results suggest a
value of 112 ppm is more appropriate.
The susceptibility for the samples was not separately experimentally verified and is the
most probable source of error. The image artifacts were compared based on the radius of
the affected area in the image. It was observed that there is no one answers to the question
of how far should the stainless steel rod be away from the imaging region. It depends on
the scan sequence and the distance ranged from 8 cm to 15 cm.
The theory greatly over predicts the affected area however the trends in terms of
susceptibility seem fairly accurate. The size of the artifact increases with susceptibility, TE
and the use of TSE over GR. However the experimental data contradicted the theory by
showing no appreciable effect due to bandwidth. In the future, work will be conducted to
quantitatively examine the size and shape effect on image distortion as well as induced
vibration. Data from testing was categorized according to the least obtained image
distortion results and was related to the material’s mechanical properties of the samples.
This step was done to aid in choosing a suitable MR-compatible material to be used in
fabricating the actuator. There was no appreciable heating was measured in the samples in
this study but the next chapter will present the experiments carried out to identify the
thermal effects induced in the samples when present in the MR environment.
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Chapter 3
Induced Heat in MR-Environment Due
to Time Varying Gradient Field
3.1 Introduction
Time-varying magnetic fields are also present in MRI, and are of two types. The
radiofrequency system (primarily the transmit RF system) produces magnetic fields of
several μT which oscillate at many MHz (the exact frequency being directly dependent on
the main magnetic field). The gradient system produces magnetic fields that are typically
several µT, and are switched at frequencies in the vicinity of 1 kHz. For a conducting
material, the effect of both of these time varying magnetic fields will be heating of the
object. Depending on the degree of heating, this can cause injury to the patient,
degradation of the device’s performance, or device failure. While there are many studies
on estimating RF heating [98-104], there have been relatively few for predicting gradient
[105-107] heating.
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3.2 Background and theory
3.2.1 Radio frequency heating
Some of the RF heating reported in literature for surgical instruments [90], for metallic
implants immersed in a gel solution simulating clinical methods [108], in guide wires used
in medical procedures, or along long metallic wires in partially/completely dipped in gel
solutions [9,103]. Maxwell’s theory of electromagnetism differentiates between three
mechanisms by which heating can be evoked by RF radiation as explained in [9].
1. Heating from eddy currents. These eddy currents are produced by RF radiation in
each volume of conducting material, even small volumes.
2. Heating from induction loops. These situations may occur for example when using
electrocardiographic/electroencephalographic leads.
3. Heating by resonating RF waves along conductors. If such a resonance occurs, the
incident RF wave is bounced back at the endpoints of the wire-like structure,
causing the reflected RF waves to travel back and forth along the longitudinal axis
of this structure, in such a way that standing RF waves are formed.
In this work, the samples tested do not involve any looping, slender wires, and the lengths
of the samples were intentionally to be out of the resonance frequency of the scanner RF
field. This experiment for RF induced heating was conduct only for completeness of the
overview for heat induction inside MRI environment.

3.2.2 Gradient heating
A detailed development of models for induction heating is given in [109] which are for the
manufacturing process used in industry. It uses a coil driven by an AC signal to heat a
component for heat treatment or brazing. The analysis of the induced heating of a
component is a coupled problem of an AC field with a thermal field. While the signals in a
gradient coils are not simply sinusoidal, for the purposes of heating analysis we will base
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the analysis on the largest frequency component in the signal. This chapter focuses on the
determination of the amount of power deposited by the coils into the component. This
depends on the geometry and the material properties of the component. The analysis has
been developed in [109] for the following geometries: thick (semi-infinite) slab, wide
rectangular finite slab, solid cylinder, hollow cylinder, and thin hollow cylinder.
The analysis makes extensive reference to the skin depth, δ, which is the depth of
penetration of the AC signal from the surface of the component. It is given by equation
(3.1) where ρ is the resistivity

is the permeability in free space, and f which is the

frequency of the AC signal. Note that μ0 is employed instead of μ since only nonmagnetic
materials were considered in this study.

(3.1)
√
The first configuration is a thick, infinitely long rectangular slab with the field

parallel

to its surface [10, 109]. The power deposited per square meter, P, is given by:

√

(3.2)

This is useful for components which are considerably thicker than the skin depth such that
the electromagnetic fields on opposite surfaces of the component do not interact. In this
configuration, the amount of power deposited increases monotonically with an increase in
the material resistivity.
The next configuration considered in [10, 109] is a rectangular slab of finite width, b, such
that the induced fields from both edges interacts. The power deposited is:
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(3.3)
Where V is the total volume of the slab and
b/δ. The scale factor

is a scaling factor dependent on the ratio of

is given by the following equation and shown in Fig. 3.1:

⁄
⁄

⁄
⁄

Fig.3.1: scaling factor for a rectangle slab of finite width

(3.4)
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We see that there is a peak in the parameter p which means that materials with high
resistivity (small b/δ ratio) can behave like materials with low resistivity. One should
select a material such that its b/δ ratio is away from the 2.3 to limit the amount of heating.
In [10], experiments were conducted to validate the equation.
A similar result is obtained for a cylindrical specimen of diameter d with its axis parallel to
the magnetic field direction [8, 10, 109-110]. Equation (3.3) still holds however the values
for p are based on complex Bessel functions (Kelvin functions) as shown below and
graphed in Fig. 3.2.

√

√

√

√

√

√

Fig. 3.2: scaling factor for cylinder of infinite length

√

(3.5)
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The critical ratio of d/δ is at approximately 3.5 instead of 2.3 but the same conclusions are
as before regarding the resistivity of the specimen material. In [110], a linear relationship
for the scale factor was presented for ratios much larger or much smaller than the critical
value. It was noted that in [109] for ratios greater than 8 that

could be determined by:

(3.6)
⁄
In the models of [109] and [110], the cylinder is considered to be so long that the end
effects are negligible. Simulation of eddy currents in finite length cylinders was
undertaken in [111] but it used Fourier series equations coupled by an inductive network
which must be solved numerically and so the technique is not useful for design and
material selection.

3.3 Materials and methods
3.3.1 Phantom design
The evaluation of RF related heating for the tested samples involved the use of a plastic
phantom designed to approximate the dimensions and proportions of the head and torso of
a human body, as described in the standard ASTM F 2182 – 09 [112]. The dimension of
the larger part was a rectangle of length 65 cm and width of 42 cm, the smaller rectangular
part had a dimension of 27 cm for length and 15 cm for width. A plastic frame with
adjustable posts was placed at the top of the phantom to permit consistent positioning of
the samples. The phantom was filled with of gel solution to simulate the human body for
SARs calculations. A grid of 10 x 10 mm was placed submerged in the gel solution to
facilitate in positioning the temperature probes as shown in Fig. 3.3.
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3.3.2 Radio frequency heating
Samples tested for RF heating were placed in orientation parallel and perpendicular to the
Z axis to distinguish the orientation of the extreme induced heat. This test was done in a
qualitative matter as most literature indicates only rise in temperature related to fluid
immersed samples.

3.3.2.1 Setup of the experiment
Fig. 3.3 show the experimental for the MRI-related RF heating experiment performed in
3T MRI system (Siemens Tim Trio, software version VB17A). The setup includes a
phantom simulating a human torso. The figure shows the sample mounting clamps setup
and the experiment was conducted using the whole-body RF transmit/receive coil only.

3.3.2.2 Samples orientation
To achieve consistent positioning and repeatability of results a plastic frame was
fabricated and fitted on top of the phantom used in the experiment. The plastic frame
consisted of adjustable posts/ clamps to felicitate max degrees of freedom in positioning
the samples accurately and consistently as shown in Fig. 3.3.

3.3.2.3 RF heating sample positioning and orientation
In RF heating experiment samples were positioned in the middle of the holder (isocenter
of the magnet). The sample was placed perpendicular to the Z axis and one end was
located an inches above the surface of the gel in order decouple the sample electrically. A
more severe position for the samples was tested (only for copper sample, as it was
anticipated to have the maximum temperature rise ) where the sample was placed at one
end of the phantom holder closer to the machine whole-body coil and was oriented parallel
to the Z axis away from the gel to avoid any electrical coupling.
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Fig. 3.3: shows the setup configuration for the RF heating experiment.

3.3.2.4 Thermometry system for RF heating experiments
Temperature recordings were obtained using an MR-compatible Neoptix fiber-optic
temperature monitoring system. Probes were positioned to record the rise in temperature
that would generate the greatest heating during the experiment. Seven probes were used
and placed as follows:






Probe 2, was placed immersed in the gel in the neck area of the phantom.
Probe 1, 3, and 4 were placed immersed in the gel in the torso area of the
phantom.
Probe 5, was placed in direct contact with the top of the sample.
Probe 8, was placed in direct contact with the middle of the sample.
Probe 7, was placed in direct contact with the end of the sample.

All the probes connections directly contacting the sample were connected through
conductive paste.
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Fig.3.4: shows the positioning of the temperature sensing probes on the sample and the
phantom for the RF exposure experiment.
In all cases, a probe (probe 6) was positioned within small distance from the back edge of
the bottom torso portion of the phantom to record the ambient temperature. Fig. 3.3 shows
the fiber optic sensors of the thermometry system used for the RF heating exposure
experiments. Also refer to Fig. 3.4 for the placement of the temperature sensor in the
phantom.

3.3.2.5 RF heating protocol and sequences
Induced heating experiment was performed using a transmit/receive whole-body RF coil in
for each sample. To study different RF exposure conditions, the position for the samples
were varied between parallel to the Z axis and perpendicular to it. Also the samples were
positioned either with a small gap away from the gel solution or touching the gel. The only
pulse sequence used for this experiment was TSE with TR 1400ms, TE 11ms, Slice
thickness 10 mm, matrix size 256*256, FOV 480*480 mm, flip angle 180 deg., bandwidth
130 Hz/pixel, number of slices 12 slice and total scan time of 16 minutes.
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3.3.3 Gradient heating
In the previous literature, the magnetic field was parallel to the axis of the cylinder. In this
work perpendicularity of the cylinder to the magnetic field was considered. Rather than
trying to solve for this condition analytically, finite element analysis (FEA) was used
employing the software COMSOL [113]. For all the FEA studies, the conductivity of the
rod was set at 5×107 S/m and the frequency of excitation was varied to achieve fourteen
d/δ ratios in the range from 0.25 to 10. For each point, the software calculated the power
deposited in the rod. Then the scaling factor, p, was determined [100]. Initially a twodimensional (2D) analysis of 2976 triangular elements with the magnetic field parallel to
the axis of the infinitely-long cylinder was conducted to validate the model. Then a 2D
axisymmetric analysis of 32320 elements with the same field orientation but with a finite
cylinder surrounded by an air box (radius 0.1 m and length 0.3m) was analyzed to quantify
the effect of having a finite length. The cylinder’s length to diameter ratio was 10. The
next model with 24480 elements was again a 2D study but with the applied magnetic field
perpendicular to the axis of an infinitely long cylinder inside an air box (0.2m by 0.2 m).
Lastly, a 3D study with 42248 elements was undertaken to quantify the finite length effect
on heating for this field orientation with a quarter model of the rod in an air box (radius
0.1m and length 0.2m).

3.3.3.1 Experimental setup and test materials
To investigate the validity of the FEA results, twelve rods of different materials were
tested (see Table 3.1 for the materials and their properties). Measurement of the power
deposited was not practical so instead the rate of the temperature change was used. If the
heat loss can be considered negligible over the time frame considered, then the
temperature will increase linearly as described by equation (3.7) where

is the mass

density, V is the volume and c is the specific heat capacity of the material [109].
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(3.7)
̇

The samples were each 12.7 mm in diameter and 127 mm long. The samples were
positioned in the middle of the bore of the bench top electromagnet. The sample was
placed perpendicular to the Z axis and insulated in polystyrene for accurate recording of
temperature as was done in [10] and [8]. The experiment setup is shown in Fig. 3.5.

Fig. 3.5: shows the setup configuration for the gradient heating experiment with the lab
magnet [left], the amplifier and acquisition system [right].

3.3.3.2 Gradient heating protocol parameters
A driving sinusoidal wave form of amplitude of 2 volts and switching frequency of 1 kHz
was used as an input to drive a current amplifier to produce a gradient switching
simulation of the MRI scanner in the lab magnet of around 22 T/s which was used in
performing the gradient heat experiments

3.3.3.3 Thermometry system and probes placement
Temperature

recordings

were

obtained

using

a

nonmagnetic,

MR-compatible

thermocouple system (Sa1-E thermocouples from Omega) read out using a National
Instruments SCXI 1303 device.
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The probes were positioned to record the rise in temperature as follows:




Probe 1, placed in direct contact with the end of the sample
Probe 2, placed in the polystyrene insulation
Probe 3, placed in direct contact with the middle of the sample

The magnetic field was provided using a water-cooled solenoid of 12 axial windings and 6
radial windings of 5 mm square hollow copper wire wound with an inner diameter of 15
cm. A National Instruments PXI 5401 was used to create a 1 kHz sinusoidal waveform as
an input to a AE Techron 7796 linear amplifier to drive a peak current of 7.2 A through the
coil producing an alternating magnetic field with peak amplitude of 2787 A/m,
corresponding to a peak magnetic flux density of 3.50 mT. The maximum dB/dt value
was 22 T/s. In comparison, the peak dB/dt values within the bore of a typical MRI system
will be between 40 and 100 T/s (the higher value can occur outside the imaging region if
multiple gradient axes are driven simultaneously at maximum strength). For reference, 22
T/s is approximately the dB/dt value one would estimate to be present near the edge of the
imaging field of view when the gradient slew rate is 88 T/m/s (assuming a 50 cm field of
view, peak gradient strength of 40 mT/m, a gradient rise time of 250 µs, and considering
only the z-component of magnetic field).
During the experiment, the sample was allowed sufficient time for stabilization to achieve
equilibrium with the ambient temperature before the temperature was recorded. After a
baseline temperature was logged for 5 minutes, the electromagnet was activated for 5
minutes with temperatures being recorded every 1 second. The electromagnet was then
turned off and the temperature was recorded for an extra 5 minutes.

3.4 Results
3.4.1 Radio frequency heating
For RF heating experiment the phantom was filled with a gelled saline solution and was
allowed enough time for stabilization to achieve equilibrium with the ambient temperature
before the temperature recording was carried out. After a baseline temperature was logged
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for 16 minutes, the MRI scan time recorded was 16:45 minutes for RF heating with
temperatures logging every 1 second. After temperature rise logging ended another period
of logging commenced for another 16 minutes to stabilize. No processing of the data was
carried out as no temperature rise was detected.

Table 3.1: Material Properties.
Material

Inconel
(Alloy 625)
Stainless steel
(Alloy20)
Stainless steel
(Alloy 304)
Monel
(Alloy K-500)
Titanium
(grade2)
Bronze
(Alloy 642)
Phosphor Bronze
(Alloy 510)
Brass
(Alloy 360)
Aluminum
(Alloy 2024)
Aluminum
(Alloy 6061)
Beryllium Copper
(17510)
Copper
(Alloy 145)

ρ
(Ω.m)

ρd
(kg/m3)

c
(J/kg.°C)

1.29E-06

8440

410

1.08E-06

8000

500

7.20E-07

8000

500

6.15E-07

8440

419

5.20E-07

4510

523

1.88E-07

7890

380

8.70E-08

8860

380

6.60E-08

8490

380

5.80E-08

2780

875

4.00E-08

2700

896

3.80E-08

8830

418

1.90E-08

8940

385
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3.4.2 Gradient heating
The total magnetic field distribution is plotted in Fig. 3.6 to 3.9 for the d/δ ratio of 3.55.
The results of the FEA studies are shown in Fig. 3.10 with the scale factor plotted versus
the d/δ ratio. The theoretical value for the scale factor calculated from equation (3.5) is
also plotted for comparison. It can be seen that the FEA case corresponding to the theory
matches it exactly. Changing the field orientation from parallel to the cylinder axis to
perpendicular to the axis resulted in the scale factor being exactly doubled at each d/δ
ratio. The effect of having a finite cylinder rather than the infinite model showed only a
small departure in the scale factor.A typical observed heating curve is shown in Fig. 3.11
for aluminum 2024 and Inconel. It can be seen that the heating profile is approximately
linear so the assumption for equation 7 is valid. The results of the tests are shown in Table
3.2 with the temperature rise over 300 seconds tabulated.
The theoretical temperature rise for each material was calculated based on its properties in
Table 3.1 and equations (3.3) and (3.7) with the scale factor determined from equation
(3.5) multiplied by 2 as suggested by our earlier FEA results. A 3D FEA study was also
completed which employed a model of the actual coil used in the experiments. This was to
assess any the effects of a finite coil as compared to the infinite coils used in the earlier
FEA studies.
The experimental, theoretical and FEA temperature rises are plotted in Fig. 3.12. The FEA
and experiment show a good match especially for lower values of the d/δ ratio

3.5 Discussion
The FEA studies in this work showed a surprising result in that the theoretically
determined scale factor for cylinders simply doubled when the magnetic field was oriented
perpendicular to the cylinder axis. This was particularly surprising since the total magnetic
field distributions (Fig. 3.6 and 3.8) are very different. The experimental results confirmed
this relationship especially when the FEA study was adapted to model the actual
experimental coil.

73

Fig 3.6: The a) current density (A/m2) and b) magnetic field (A/m) for a 2D finite element
analysis model with the magnetic field applied parallel to the cylinder’s axis.

Fig. 3.7: The a) current density (A/m2) and b) magnetic field (A/m) for a 2D axisymmetric
finite element analysis model with the magnetic field applied parallel to the cylinder’s axis
with a cylinder of finite length.
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Fig. 3.8: The a) current density (A/m2) and b) magnetic field (A/m) for a 2D finite
element analysis model with the magnetic field applied perpendicular to the cylinder’s
axis.

2 Fig. 3.9: The a) current density (A/m2) and b) magnetic field (A/m) for a 3D finite
element analysis quarter-model with the magnetic field applied perpendicular to the
cylinder’s axis with a cylinder of finite length.
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Fig. 3.10: scale factor determined using FEA models for parallel and perpendicular field
orientation

The effect of a finite cylinder on the heating due to the magnetic field was not appreciable
provided the cylinder was long enough for the skin effect at the ends of the cylinder not to
interact. It was observed in Fig. 3.12 that the effect of a finite coil caused the temperature
to drop relative to the theoretical value. Therefore employing the theoretical equations and
accounting for the orientation of the field, will result in a conservative estimate where the
coil dimensions are finite relative to the cylinder.
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Fig. 3.11: characteristic experimental heating profile for Aluminum 2024 and Inconel 625
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Fig. 3.12: comparison of the temperature change as determined by experiment, FEA and
theoretical modeling

3.6 Summary
RF heating experiment did not show any remarkable temperature rise in the sample
material as the volume of the samples was quite small and its length did not resonate with
the scanner wave length. For gradient field induced heating

the maximum rise in

temperature was 2.45 Celsius (in Al 2024 sample) which has to be simulated in an
extreme position in the scanner to achieve this rise in temperature and a minimum of 0.12
Celsius (in Inconel). The maximum temperature changes occurred at the middle position
of the insulated test sample, whereas the minimum temperature changes occurred at the tip
of the insulated sample due to heat losses as observed in the experiment. From the results
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it can be concluded that the rise in temperature was not of significance due to the low
volume of material used and rate of heat dissipation occurring in the samples which makes
it safe for the actuator to operate safely inside the scanner bore.
Table 3.2: Measured Temperature Rise.
Material
d/δ

Inconel
(Alloy 625)
Stainless steel
(Alloy20)
Stainless steel
(Alloy 304)
Monel
(Alloy K-500)
Titanium
(grade2)
Bronze
(Alloy 642)
Phosphor Bronze
(Alloy 510)
Brass
(Alloy 360)
Aluminum
(Alloy 2024)
Aluminum
(Alloy 6061)
Beryllium Copper
(17510)
Copper
(Alloy 145)

ΔT at 300s

0.70

0.12

0.77

0.15

0.94

0.24

1.02

0.27

1.11

0.12

1.84

0.99

2.71

1.26

3.11

1.67

3.31

2.45

3.99

2.41

4.09

1.40

5.79

1.64

Finally, the research developed an accurate yet simple model for gradient-induced
component heating that would benefit designers of new devices at the design stage. It
would be assumed that the designers selected the dimensions of the components such that
they do not become waveguides and absorb RF energy. Therefore the dominant heating
effect would be through the gradient switching. The designer would use this information to
decide on the material for a particular component.

79

Chapter 4
Design of Two Degree of Freedom MRCompatible Actuator
4.1 Introduction
To establish appropriate actuator performance targets, research on needle insertion in skin
and soft tissues presented in [3-6] was considered for force, speed and torque values.
Testing done in [3] simulated the needle forces using 18 gauge needle inserted in a soft
material phantom from polyvinylchloride (PVC). Tests were done at different insertion
and rotational speeds and resulted in a maximum insertion force of almost 2.5 N and
torque of 0.17 N.mm with an average speed of 5 mm/s. Using these results as the basis for
a common needle-guided intervention we targeted an actuator with a 80 mm range, linear
speed up to 9.8 mm/s, rotary speed of 11.5 rpm, output thrust up to 13N and a torque
exceeding 22 N.mm.
The concept and design parameters of the novel piezoworm motor are presented in the
following sections and will be discussed in terms of principle of motion for the piezoworm
actuation method, design of the actuator, and the theoretical equation of force and torque
involved in the design process.

80

4.2 Principle of motion
The proposed actuator design is shown in Fig. 4.1a as a CAD model and in Fig. 4.1b as the
final product. Motion is based on the piezoworm configuration (will be explained in detail
in the next section) which employs two piezostacks for clamping on the shaft and a third
piezostack to provide the extension while the shaft is clamped and though the linear
motion generated. The same set of clamps is used for both linear and rotary motion but to
produce the rotary motion a fourth piezostack was added which rotates a plate around its
own axis and is attached to the front clamp refer to Fig. 4.3a. By using the same set of
clamps for both linear and rotary motion the overall size of the actuator is reduced and by
using separate extending

actuators for each degree-of-freedom the motions can be

undertaken separately or jointly to achieve the required motion (linear/rotary). Utilizing a
shaft as the moving member, similar to [68], minimizes the size (and its MRI signature)
for the device. In future refinements of this design the device will act directly on the
needle during the intervention but at this time it was planned to use a shaft for the testing
of the prototype.
The clamp arrangement is based on the complementary clamp concept developed in [114].
Clamps are designed to grip on the shaft and this configuration reduces the number of
actions involved in creating a single step motion compared to the conventional piezoworm
[44]. This is because both clamps are derived simultaneously from one signal amplifier to
reduce the number of driving components for linear and rotary motion. Another important
benefit of using complementary clamps is that if the power is suddenly lost the shaft will
automatically be secured safely in place.

4.2.1 Principle of Linear motion
The principle of linear motion is based on the piezoworm principle where three
piezostacks are arranged to move a shaft linearly. Fig. 4.2a shows a schematic of the
arrangement of the piezostacks. The two vertical stacks are used to clamp on and release
the shaft in an opposite manner, and the third horizontal one extends while the horizontal
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stacks are de-energized providing step advancement for the shaft (which in this case is 9
μm).
As illustrated in Fig. 4.2a one step can be achieved by four actuations of the appropriate
piezostacks, and the direction of motion can be reversed by changing the actuation
sequence. One clamp is designed to grip the shaft when the piezostack is energized and is
designated the normally unclamped (NU) clamp, refer to Fig. 4.4. The other clamp is
designated as normally clamped (NC) and grips the shaft when the piezostack is deenergized, refer to Fig. 4.5.

Fig.4.1: (a) Actuator CAD model

(b) Manufactured prototype

The advantage of this arrangement is that in a conventional piezoworm complete steps are
done in six successive actuation operations but in the case of a complementary piezoworm
only four actuation operations are required (see Fig. 4.2). This is because both clamps are
drived from one signal amplifier, so one clamp opens and the other closes during the same
time frame. Repeating the same steps can result of linear motion up to centimeters in range
and only limited by the length of the shaft. To prevent the piezoelectric stack from
experiencing shear stresses and pulling forces [44] clamps flexures were designed to
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encapsulate the stacks to eliminate direct contact with the shaft though eliminating shear
stresses. The piezostacks are preloaded by set screws to keep them always in compression
to prevent damage from tensile forces when the actuation is repeated with high frequency
[44]. The design was optimized for maximum force output. Fig. 4.3a shows an exploded
view of the actuator with the four piezostacks employed. The clamp arrangement is based
on the complementary clamp concept to the actuator size compact and delay circuits can
be used to increase the force during the transition of the clamps [114].

4.2.2 Principle of Rotary motion
The principle of rotary motion is also based on the piezoworm principle where three
piezostacks are arranged to create the rotary motion of the shaft, Fig. 4.2b shows a
schematic of the arrangement of the piezostacks, the two perpendicular stacks in the figure
are used to clamp on and release the shaft in an opposite manner, and the third one extends
while the horizontal stacks are de-energized providing rotational step for the shaft (which
in this case is 0.085 deg). As illustrated in Fig. 4.2b one step can be achieved by four
consecutive actions, and the direction of motion can be reversed by changing the actuation
sequence. Repeating the same steps can result with unlimited rotary motion in either
direction.
In this design (as shown in Fig. 4.3a) to achieve the rotary motion the NC clamp has been
mounted on a plate that has the ability to rotate about its own axis and the axis of the shaft.
Another piezostack drives the rotary motion against a flexure machined in the rotary plate
which springs the plate to its original position when this piezostack is de-energized. The
piezostack is also preloaded with a setscrew to prevent the damage of the stack against
pulling forces. The speed of the linear and rotary motion can be controlled by both the
amplitude and the frequency of the controlling voltage waveforms. The direction of
motion is dictated by the sequence of the actuation operations.
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Fig. 4.2: (a) [top] Actuator linear step sequence

(b) [bottom] Actuator rotary step sequence.
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Fig.4.3: (a) Actuator model Exploded view (b) Actuator model showing different
component
The novelty of this design is the combination of linear and rotary motion using the
inchworm principle, and by using the same set of clamps for both linear and rotary motion
thereby reducing the overall size of the actuator. Furthermore, by using separate extending
actuator for each degree-of-freedom the motions can be undertaken separately or jointly to
achieve the required motion.

4.3 Actuator Design
The availability of space inside the scanner is the main concern second to MRcompatibility of the actuator material. Furthermore, the available space also depends on
orientation of the actuator in the MR scanner bore as well as the part of the body being
imaged. Also, compensating between several performances objectives such as reasonable
torque and thrust, long travel range and material high stiffness is very challenging but
essential to undertake for designing an actuator that performs in the MR environment. All
of these variable lead to the design of a very compact actuator with a minimum distortion
signature.
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Fig.4.4: NC Clamp (a) de-energized

Fig. 4.5: NU Clamp (a) de-energized

(b) energized

(b) energized

The available space inside the MRI scanner require the actuator design to strike a balance
between several competing objectives which is minimizing size and image distortion
producing high force output and this can be translated in selecting a material with high
strength and stiffness. Also the range of travel for the proposed actuator is limited only by
the available space inside the scanner. The availability of space depends on orientation of
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the actuator in the MR scanner bore which makes the pusher configuration of the
developed actuator perfectly suitable for performing in the restricted space available.
Selecting suitable material for the MR-compatible actuator is a challenging task as various
parameters come into play such as susceptibility, resistivity, strength, and stiffness of
material as discussed in [117]. The principal material property affecting image distortion is
the material susceptibility. It also dictates the magnitudes of the forces and torques acting
on the actuator. The material selection criterion for the proposed device was based on
minimizing the susceptibility and maximizing the stiffness and strength. Hardened
beryllium copper (UNS C17510) was chosen as an optimal material for this task as it
strikes a balance between high stiffness and low susceptibility when compared to other
engineering material tested in [117]. Though beryllium copper is expected to show some
rise in temperature as presented in [8] this can be compensated by insulating the interface
between the medical tool and the actuator for maximum patient safety.

4.3.1 Extension frame design
Maximizing the speeds (linear and rotary) while minimizing the size of the actuator is
critical for manoeuvring tools inside the limited space inside the MRI scanner and
decreasing the duration of the medical procedure. The critical factors in the speed of the
actuator are the displacement range of the extender frame shown in Fig. 4.6 and its
resonant frequency. To maximize the speed the flexure must be designed for maximum
piezostack expansion but it must have enough mass and stiffness to keep the resonant
frequency larger than the amplifier operating frequency. The constrained expansion of the
piezostack,

, is given by equation (4.1) where

flexure stiffness and

is the piezostack stiffness

is the

is the free expansion of the piezostack.

(4.1)
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Piezostack from Physik Instrumente (PI) P-885.51, was selected which is 5 mm by 5 mm
in cross section and has a length of 18mm. Its nominal displacement is 15 μm at 100 V and
has a stiffness of 50 N/μm. The length and thickness of the flexure were set to 6 mm, 1.5
mm respectively to give a resonant frequency of 1574 Hz. The total effective stiffness of
the flexures was 16.1 N/μm. When considering the frame stiffness, the frame will have an
expansion of 11 μm based on calculation presented in [114]. The maximum speed of the
motor is expected to be about 9.8 mm/s based on a driving frequency of 800 Hz.

Fig. 4.6: Extension Frame
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4.3.2 Rotation frame design
Similar to the extension frame, the rotational speed is affected by the displacement range
of the piezostack and the resonant frequency. But this frame (Fig. 4.7) has an additional
factor which is the distance away from the center of rotation.
With a fixed piezostack displacement, increasing the arm of rotation will result of larger
torque and lower speed. On the contrary, decreasing the arm will result in higher speed and
lower torque. The arm length was selected to be 11.75 mm to optimize for maximum
speed at the targeted torque. The rotating plate flexure width is 6 mm and its length and
thickness were set to 6.5 mm and 0.8 mm respectively to give a resonant frequency of
5928 Hz. The stiffness of the flexure is 1.6 N/μm. Based on equation (4.1), the frame will
have an expansion of 12 μm. The maximum speed of the motor is expected to be about
11.5 rpm and torque of at least 22 N.mm based on a driving frequency of 800 Hz.

4.3.3 Clamp Design
The clamp configurations are shown in Fig. 4.4 and 4.5 in both their energized and deenergized states. The piezostack shown in gray pushes against the black tab which is
rigidly fixed to the supporting frame. The displacements shown are exaggerated for clarity
as the actual displacements are in micrometers.
In [115], it was thought that ideally both clamps should be the same shape and size to
perform a fully complementary action, so as to achieve the same dynamic performance
and to facilitate simultaneous manufacturing using electro-discharge machining. However,
the way in which each clamp develops its clamping force is different. In the NU clamp, the
piezostack pushes up to grip the shaft so the flexure in this case is simply to guide and
protect the piezostack. The NU flexure stiffness should be minimized so as to not impede
the piezostack motion and will in turn increase its clamping force. The lower bound on the
flexure stiffness is governed by the maximum bending stress.
The NC clamp grips the shaft when it is de-energized so the clamp force is developed by
the displacement of its flexure. Now, the flexure stiffness must be maximized in order to
get the most clamping force.
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Fig. 4.7: Rotational Frame

However, if the flexure is too stiff the piezostack will not be able to fully disengage the
clamp. Bending stress is also a consideration here as well. Both clamps use the same
ceramic material piezostack element from PI, P-885.11. The piezostacks have a cross
section of 5 mm by 5mm and a length of 9 mm. Their nominal displacement is 6.5 μm at
100 V with a stiffness of 100 N/μm.
These piezostacks were selected for this application as they offer high stiffness in small
size package, and sufficient nominal displacement. The flexure width and thickness were
set at 6 mm and 1 mm respectively. The length of the flexures was varied to achieve the
desired stiffness for each type of clamp. The NU flexure has a length of 4 mm which gives
a stiffness of 19.5 N/μm, and the NC flexure is 5 mm long with a stiffness of 10.6 N/μm.
The predicted clamp forces are 16 N for the NU and 13 N for the NC clamp based on 0.23
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friction coefficient. The resonant frequency is 18243 Hz for the NU clamp and 7370 Hz
for the NC clamp which is well above the maximum drive frequency of 800 Hz.

4.4 Theoretical torque and force
The concept of the torque and force generation in the proposed piezoworm is through
friction, radius of the shaft, and the applied perpendicular piezostack force. The equations
for the torque and force can be expressed as follows [69].

(4.2)

(4.3)

Where

is the frictional coefficient from experiment,

stator and the shaft,

is the normal load between the

is radius of the shaft.

N can be calculated from the following equation as discussed in [54].

(
Where

(4.4)

)

the nominal extension of the piezostack,

flexure stiffness and can calculated as follows [116].

is the piezostack stiffness,

is the
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(4.5)

⁄

Where

⁄

Young’s modulus of elasticity is,

the flexure,

is its length,

is width of the flexure,

is poison’s ratio, and

is the thickness of

is the shear stress correction factor,

and in this case equals to 1.5 as given in solid mechanics texts [116].
The average linear speed [µm/s] is a function of the displacement of the piezostack per
step and the frequency for the step to occur which can be equated as follows.

(4.6)

Where

the displacement of the extender piezostack is each step, and can be calculated

from the following equation [54].

(

)

(4.7)

The average angular speed [rad/s] is a function of the displacement of the piezostack per
step, the radius of the shaft, and the frequency for the step to occur which can be equated
as follows.
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(4.8)

4.5 Summary &Conclusion
A novel two degree of freedom piezoworm actuator concept was developed specifically to
be MR-compatible. Rotational and linear motions can be actuated simultaneously or
separately according to the demands of the medical procedure. The structural elements are
made from beryllium copper and complementary clamps configuration is integrated to
minimize the number of drive channels and to act as a brake in case of a malfunction. The
design calculations showed that the performance targets should be achieved in the compact
envelope. Analysis was carried out to optimize the selection of the piezostacks and
flexures depending on the functional requirements. Prototype construction and
experimental evaluation was conducted and discussed in the following chapter. The device
is targeting a maximum speed of 9.8 mm/s, a force thrust of 13 N and 11.5 rpm of
rotational speed and 22 N.mm of torque.
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Chapter 5
MR-Compatibility and Performance Tests
5.1 Introduction
For the optimal performance of the prototype machining tolerances of 2.5µm has to be
realized for all sliding surfaces. Thus a very precise fabrication method for the prototype
components and perfect alignment of the assembled parts are essential for the overall static
and dynamic performance of the prototype.
MR-compatibility of the device dictates the magnetic properties of the materials involved
in the construction of the device, namely low susceptibility material property has to be
employed for minimum image distortion. Therefore, the main components of the prototype
were machined from hardened beryllium copper alloy C17510 for achieving these close
tolerances, minimizing image distortion and reducing the wear on sliding surfaces. The
clamps flexures were manufactured using wire EDM process to realize the complex
geometry needed for these mechanisms to function properly.
In this chapter a description of the prototype fabrication is highlighted in the following
section including the material used for each component. Experimental results assessment
and validation of the system performance while varying the frequency of the driving
voltage is discussed in terms of linear/rotary speeds, experiments to verify the load and
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torque capacities of the device were also conducted. Furthermore, the MR-compatible
experiments results of the prototype in terms of image distortion are presented under
application of various MR sequences.

5.2 Manufacturing of prototype
The manufacturing of the components was planned to accommodate the existing
manufacturing techniques adapted by local manufactures to keep the expenses within the
budget of the project as this a proof of concept for a linear/rotary piezoworm actuator.
It was decided that the limit for a higher tolerances for the sliding parts was 12µm. These
surfaces include the clamping holes for the NU and NC clamps. This number was
calculated to accommodate for the straightness value of the shaft, flatness, and
perpendicularity of the assembled components. To compensate for tolerance degradation
alignment fine tuning methods were devised to accommodate for any manufacturing
deficiency such as shaft straightness. One of these methods is designing an extra flexure
for the sliding surface adjustable by means of a set screw to assure surface contact between
the shaft and the clamping surface as shown in Fig. 5.1. Another method for fine
adjustment of any misalignment is making a slightly bigger fastener holes between the
main flexure and the complementary clamps for the final adjustments of misalignments.
All the non-sliding and fixed components namely main flexure, NC, and NU clamps were
designed to a flatness value of 1µm and perpendicularity value of 1µm to allow for
successful alignment of the 10µm straightness over the shaft entire length, and 1µm
roundness of the sliding shaft. To ensure the machining precision within the compact size
of the clamps, the flexures were machined using an electro-discharge machining (EDM).
The rotary plate main function is to facilitate the rotation of the shaft or linearly passing
through its center in case of separate rotary and linear motion, or both together in a helical
motion of the shaft when moving linear and rotary motion simultaneously. The hole in the
center of the rotating plate shaft was made large enough for shaft to pass the shaft freely
inside without any interference with the shaft enclosure as shown in Fig. 5.2.
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Fig. 5.1: Fine adjustment of the component misalignment using set screw & flexure

Fig. 5.2: Clearance between the moving shaft & the rotary plate concentric rotating shaft
The rotating plate shaft which is the center of rotation of the platform has a size tolerance
value of -9µm (refer to appendix A). Location fit between the plate and the main flexure
body and was used for locating the plate in place and can be easily assembled, as fine
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adjustment methods of 4 set screws are used for allowing the proper over all alignment of
the system as shown in Fig. 5.3.

Fig. 5.3: Fine adjustment of the component misalignment using set screw
The shaft is the only sliding component in the system. It can slide linearly or rotary
according to sequence of control of the complementary clamps and extender. The shaft is
fabricated from the same beryllium copper alloy used for the fixed parts. Table 5.1 shows
some properties of the copper alloy C17510 used in the actuator components [92-96].
Table 5.1: Mechanical, Electrical and Magnetic properties of Beryllium
Copper [C17510] with heat treatment [TH04]
Property
Modulus of elasticity [ E ]

Value
124 [GPa]

Poisson's Ratio [ γ ]

0.285

Yield Strength [ Sy ]

741 [MPa]

Ultimate Tensile Strength [ Sut ]

845 [MPa]

Electrical resistivity [ ρ ]
Magnetic Susceptibility [ χ ]

3.80E-8 [Ω.m]
4 [ppm]
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All fasteners used are made from brass and so are the set screws except the four plastic
ones used in locating the shaft of the rotating plate. The prototype was fitted with a plastic
base for easy mounting inside and outside the MRI machine. Brass and plastic materials
were chosen as they are MR-compatible and they possess enough strength for their
functional purpose in the. An overview of the fabricated prototype is shown in Fig. 5.4 and
some properties of brass are presented in Table 5.2 [92-96].

Table 5.2: Mechanical, Electrical and Magnetic properties of Brass C3600
Property
Modulus of elasticity [ E ]

Value
106 [GPa]

Poisson's Ratio [ γ ]

0.324

Yield Strength [ Sy ]

172 [MPa]

Ultimate Tensile Strength [ Sut ]

393 [MPa]

Electrical resistivity [ ρ ]
Magnetic Susceptibility [ χ ]

6.60E-8 [Ω.m]
112 [ppm]

5.3 Assessment of Flexures components
The flexure mechanism of the NC clamp is responsible for the generation of force
capacity, and torque capacity of the system. The main parameter for the system load
capacity is the friction between the contacted surfaces, and normal force generated on
those surfaces. In other words the load capacity (force/torque) is directly proportional the
value of friction coefficient and applied normal forces, but for the torque capacity, in
addition to the mentioned parameters, the arm length plays an important role in increasing
this capacity but dramatically decreasing the component compactness and the rotary speed.
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Fig. 5.4: Picture of the fabricated prototype showing copper alloy parts and plastic base

The flexure mechanism of the extender main purpose is to produce the step response for
the prototype. The larger the deflection of the flexure, the bigger the step at the applied
voltage of 100 V. Intermediate partial steps can be obtained by varying the applied voltage
form 0 to 100 which gives in this case resolution between 20 nm to 12 µm theoretically.
Preload was applied to the piezostack embedded inside the extender and laser
interferometer measurement of

the actual maximum step was acquired at 100 V of

applied signal as shown in Fig 5.5a and b. The figure show the value of two step responses
of the extender actuated at 100 V but at 2 different frequencies. Then the extender step is
repeated several hundred or thousand times (limited only by the amplifier driving
frequency and the resonance frequency of the system) in conjunction with clamping action
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of the NC/NU clamps the speed of the prototype can be explored. The design
configuration of the prototype allowed for rigid attachment of the clamps to the main body
of the extender to increase the natural frequency of the prototype and hence to increase the
driving frequency. The prototype linear and rotary speed performance will be discussed in
the next section.

5.4 Linear and Rotary Performance Tests & Results
The prototype is capable of performing linear and rotary motion either in an independent
or combined manner according to the procedure requirement. First, tests in this section
were carried out to test the prototype linear performance in term of load capacity and
speed, then similar tests were performed on the rotary motion and torque capacity, and
finally the combined motion was quantified as will be discussed.

Fig. 5.5a: Step response of the prototype at frequency 1 Hz
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Fig. 5.5b: Step response of the prototype at frequency 800 Hz

5.4.1 Experimental Setup
The experimental setup schematic is shown in Fig.5.6a and the actual setup is shown in
Fig. 5.6b and c. At one end of the shaft a rotary encoder is mounted (OMRON, E6C3CWZ3XH with a resolution of 0.1 deg) to measure the rotary motion when mounted alone
and on the other end a linear laser interferometer encoder is attached (RENISHAW, RLE
10 with a resolution of 20 nm), for measuring the linear motion when mounted alone. A
PC running LabVIEW [118] on real time operating system generates the 10 V control
signals needed to control the prototype. The system supplied the control signals to the
amplifier [119] (PI E501) to produce an output of 100V supply at 2 Amps to drive the
prototype. Amplified voltage is fed to the piezostacks of the extender and the clamps to
generate linear or rotary motion according to the control sequence. The linear position x
and rotary angle position θ were measured by means of the linear and rotary encoders as
shown in the schematic of Fig. 5.7. The raw analog signals from the two encoders are
conditioned internally to a digital quadrature phase signal suitable for the interfaced
hardware of the real time system PC.
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Fig. 5.6: (a) Schematic of experimental setup for force and torque capacity

Fig. 5.6: (b) Setup for testing the force capacity

(c) Setup for torque capacity

These signals were acquired and recorded in the PC for further processing. A mass
attached to the shaft via a cable around a pulley was used to apply a load to the piezoworm
to measure force capacity and torque accordingly. The effects of operating frequency,
force and torque loading and their effect on the speed were investigated.
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5.4.2 Static Performance
In order to validate the theoretical equations for the force and torque capacities produced
by the actuator the friction coefficient value of beryllium copper on beryllium copper has
to be determined in order to compare to the designed values. The friction coefficient of
beryllium copper on beryllium copper can be obtained either from the literature or by
conducting experiments. Experimentally it was obtained by placing a piece of beryllium
copper on top of the other piece and increasing the inclination angle until the piece slides.
The friction coefficient was found to be 0.23, but the accuracy of this process questionable
and also if we consider the dynamic friction this will not be valid. The other option was to
search the literature for the value of the average coefficient of friction, but the specific
coefficient of friction for C17510 was not available for the specific machining conditions
of the shaft and clamps. To simplify the complex problem of measuring the coefficient of
friction (static and dynamic) the experimental value was used to obtain the theoretical
value of load and torque capacities, now comparison between the experimental versus
theoretical values can be carried out.
In order to get the maximum load for torque capacity static performance tests were
conducted. The setup shown in Fig. 5.6b was used to obtain the value of the maximum
load for the system by accumulating weight until slip occurs. As for the maximum torque
capacity the setup in Fig. 5.6c was used and the same technique of weight accumulation
was performed to reach the maximum torque for the system. The value for the maximum
load was 6 N, and the maximum torque was 10.7 N.mm. Table 5.3 shows the comparison
between experimental and theoretical values for force and torque.

Table 5.3: Values of experimental versus theoretical force and torque
Property
Design Value
Experimental Value
Force capacity

13 N

6N

Torque capacity

22 N

10.7 N.mm
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5.4.3 Dynamic Performance
Modal analysis was conducted using finite element methods (FEA) to specify the natural
frequencies of the NU, NC clamps and Extender. The Clamps and extender has been
designed to be higher than the natural frequency of the driver amplifier coupled with
capacitance of the used piezostack. The maximum configured frequency for the amplifier
was around 800 Hz, the calculated frequency for the NU clamp was 1200 Hz, NC clamp
was 7000 Hz, and the extender was 1200 Hz which is all above the lowest driver
frequency. As these values suggest that the system is safe from reaching the resonance
frequency, but during the experiment resonance frequency conditions were reached as high
and vibration of the actuator was noticed, the values presented in Fig. 5.8 to 5.15 shows a
noticeable effect of the resonance condition on the prototype performance.

5.4.3.1 Linear Dynamic Performance
The speed of the piezoworm is dependent on the step size and the driving frequency. The
step size is a function of the piezoworm parameters however the step rate is limited by
the amplifier frequency bandwidth of 800 Hz. In this test, a trapezoidal waveform with
the duration of the rising and falling portions of the waveform limited to 25% of the
signal period was used. The common clamp signal is shifted by 90° relative to the
extender signal so that the clamp signal has reached its extreme before the extender
begins to move. Both signals range from 0 V to 100 V. The results are shown in Fig. 5.8.
The maximum speed of the motor is 5.4 mm/s is less than the predicted value of 9.8 mm/s
most likely due to slipping that is occurring between the moving surfaces. The predicted
value assumed perfect friction surface contact between the clamp and the shaft with no
slippage. The same test was repeated for the reverse direction and the results obtained are
shown in Fig. 5.10. The average values for these two tests are presented in Fig. 5.9, and
5.11 respectively. The same waveform as the previous test was used at an operating
frequency of 600 Hz. The results in Fig. 5.12 show that the speed decreases roughly
linearly with force to a maximum load of about 6 N. This was lower than the 13 N
predicted also due to friction coefficient and slippage but this should be expected since
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the timing of clamping and releasing for the NU/NC clamps is the same so lower force
capacities are produced. This result is promising because if we dedicate an amplifier
channel to each clamp the force will be increased and the actuator could be used for
inserting the needle through variable tissue structure and the extra force can be utilized.

5.4.3.2 Rotary Dynamic Performance
A trapezoidal waveform was used with the duration of the rising and falling portions of the
waveform limited to 25% of the signal period. The common clamp signal follows the
extender one and is shifted by 90° relative to the extender signal so that the clamp signal
has reached its extreme before the extender begins to move. The results are shown in Fig.
5.13. The maximum rotary speed of the actuator is around 10.5 rpm which is less than the
predicted value of 11.5 rpm most likely due to some slipping that is occurring. The
average value for the tests represented in Fig. 5.14. The same load pulling test was
repeated to predict the torque capacity of the actuator with a trapezoidal waveform was
used with the duration of the rising and falling portions of the waveform limited to 25% of
the signal period. The same waveform as the previous test was used at an operating
frequency of 600 Hz. The results in Fig. 5.15 show that the speed decreases roughly
linearly with force to a maximum load of about 10.7 N.mm.

5.4.3.3 Combined Linear and Rotary Dynamic Performance
A qualitative testing was conducted to validate the performance of the simultaneous
combined rotary and linear motion. A trapezoidal waveform was used with the duration of
the rising and falling portions of the waveform limited to 25% of the signal period and
repeated twice. The common clamp signal follows the extender one and is shifted by 90°
relative to the extender signal so that the clamp signal has reached its extreme before the
extender begins to move and was also repeated twice. The result was a combined rotary
and linear speed of the actuator in both forward and reverses directions. The waveform
previously explained test was used at an operating frequency of 700 Hz to obtain the
speeds mentioned before but no recording of data was maintained as the setup does not
allow the measurement of both linear and rotary measurement at the same time.
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Fig.5.7: Experimental setup for testing linear or rotary motion
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Fig. 5.8: No load speed vs. Frequency (theory and experiment forward motion)
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Fig. 5.9: No load speed vs. Frequency (theory and average forward motion)
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Fig. 5.10: No load speed vs. Frequency (theory and experiment reverse motion)
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Fig. 5.11: No load speed vs. Frequency (theory and average reverse motion)
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Fig. 5.14: No load rotary speed vs. Frequency (theory and average)
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5.5 MR-Compatibility Tests & Results
The final step in validating the performance of the MR-Compatible actuator is to test it in
this MR environment. Passive and active tests were conducted as presented in the
following section.

5.5.1 Experimental Setup and methods
The experimental setup using a phantom and the linear-rotary actuator for the image
distortion quality experiment which was performed in 3T MRI system (Siemens Tim Trio,
software version VB17A). The actuator wash placed in the middle of the phantom which
in turn was place in the isocenter of the magnet. The actuator was tested according to the
GE and a TSE scan sequence presented in Table 5.4.
Table 5.4: Scan Sequences
Sequence ID
Sequence Type
TR (ms)
TE (ms)
Flip angle (deg)
Field of view (mm)
Matrix size (px)
Section thickness (mm)
Bandwidth (Hz/Px)
Imaging plane
No. of slices
Imaging time (mm:ss)

G1

T1

T2

GE
1250
4.38
50
400 x 400
256 x 192
3
400
Coronal
20
4:02

TSE
1500
16
180
400 x 400
256 x 224
3
300
Coronal
20
0:51

TSE
1500
15
180
400 x 400
256 x 224
15
781
Coronal
20
0:51

The second TSE scan was used when the actuator was active and was chosen as a worst
case scan sequence in terms of image distortion. Tables 5.5 and 5.6 show the images for
each set of tests at three slices of the phantom: top, middle and bottom. The sequences G1
and T1 were run first without the actuator present in order to get a baseline image. Then

111

the sequences were run with the actuator on the top of the phantom to see the maximum
distortion due to the actuator. The actuator was then put in a more clinically-relevant
position which was at the side of the phantom (bottom of the images) and the G1 and T1
sequences were run. The final test was with the extension piezostack excited sinusoidally
during image acquisition. A variety of combinations of piezostack excitation frequencies
and TSE sequence bandwidths were tried and the worst case was the excitation of 500 Hz
with the T2 sequence.

Table 5.5: Tests with G1 Sequence
Actuator
Position
Top

no actuator

actuator on top
of phantom

actuator at side
of phantom

Phantom Slice Location
Middle

Bottom
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Table 5.6: Tests with T1 and T2 Sequences
Phantom Slice Location
Actuator
Position
Top
Middle

Bottom

no actuator
T1

actuator on top of
phantom
T1

actuator at side of
phantom
T1

actuator at side of
phantom-active
T2

5.6 Results and Discussion
The images for the GE sequence show the actuator is essentially invisible with only a
minor effect with the actuator on top of the phantom. The TSE scan was more sensitive to
the actuator’s presence as some dropout can be seen in a small area around the actuator.
Note that unlike the previous tests on the metallic cylinders, the actuator does not distort
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the image as can be seen when viewing the grid. This would be important in positioning
accuracy of the needle. The actuator did not show an increase in the dropout region when
the piezostack was being excited. The actuator design has shown good promise and in the
future work, it will be assessed for performance while running in the MRI.

5. 7 Summary & Conclusion
An MRI compatible actuator based on inchworm principle was designed and
manufactured. The actuator is capable rotary and linear motion combined and independent.
Force and torque characteristics of the motor were shown in the experiment with the
simulation results. The actuator achieved designed parameters of linear speed 5.4 mm/s,
rotary speed 10.5 rpm, Force 5.8 N, and torques 10.7 N.mm. MRI compatibility tests,
showed no interaction between the actuator and magnetic field when tested passively, but
showed an acceptable image quality when tested actively due to wiring noise which can be
eliminated by proper filtering. This device can be used for needle medical procedure under
MRI guidance for improvement of insertion accuracy.
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Chapter 6
Summary and Future Work
6.1 Summary
Research for developing MR-compatible actuators is an emerging trend in image guided
interventions and minimally invasive surgery procedures due to its benefits in post-surgery
recovery and overall patient health. Many attempts were made to reach the goal of
compactness in size and a high load capacity actuator to work deep inside the scanner bore
but unfortunately methods of actuation attempted such as pneumatic, hydraulic, manual,
and etc. lacks enough stiffness, compactness, and safety to achieve this goal. This work
focuses on designing and testing a MR-compatible actuator for medical intervention with
high precision in MRI environment. In addition, this work concentrates on designing a two
degree of freedom actuator for needle procedures and integrating all components to be
employed safely inside this challenging environment.
While most of the previous work the research was concentrated on either single degree of
freedom [16-21] or low load and low torque capacity actuators [69-72]. The benefit of the
current design is the compactness and the employment of magnetically inert material,
which makes the actuator highly maneuverable and with minimum image distortion in this
restricted space of the scanner bore. There were several challenges encountered in this
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work, for example the issue of material MR-compatibility versus its mechanical properties
such as strength, hardness and stiffness which was addressed by conducting MRcompatibilty testing of the proposed materials. Also, proper alignment of the actuator
components was a major factor in improving the performance of the device, so the design
accommodated fine tuning components to rectify any misalignment might occur within a
small range manufacturing tolerances. The development of MR-compatible actuator was
carried out in the following highlighted steps:


Testing of MR-compatible material for image distortion – In this step the

research of quantitative comparison of engineering materials in the MRI was
conducted, and a comparison to theoretical behavior was made in order to
provide a rough estimate of the expected MRI performance before the expensive
and time-consuming steps of construction and testing the device. The specific
focus of this testing was on the effects in the MRI due to the material
susceptibility alone, namely the force and the image artifacts. Experiments were
performed on slender cylinders of twelve common metals as they can be easily
modeled in the theoretical analysis. The result of this step was categorizing the
MR-compatible material according to their image distortion effect, induced
magnetic force and torque vs. their mechanical properties.


Testing MR-compatible material for induced heat – An analytical technique was

developed and validated to estimate the heating of metallic rods by MRI gradient
fields which aid in developing of MR-compatible devices before testing in MRI
environment. Heat induced due to material resistivity, permittivity, and the depth
of penetration of the AC signal from the surface of the component was presented
for 12 engineering materials samples. Results from this step were the estimation
of orientation and geometry parameters of the slender cylinder for minimum
induced heat in the magnetic environment.
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Development of the actuator concept and stress analysis – Four piezoelectric

actuators stacks were employed in this piezoworm configuration to produce
linear and rotary motions. The NU clamp and NC clamp were intentionally
created asymmetric in design to provide different clamping forces for the
maximum load capacity and torque at all instances.

Choosing a material that has minimum interaction with magnetic field was
considered (all components were manufactured from beryllium copper), but the
tradeoff between stiffness, strength and size compactness was realized by
configuring the appropriate geometry parameters for the clamps and extender.
In this step, the stiffness of the clamps and the extender were estimated. The
stiffness of the complementary clamps was based on the maximum load capacity
of the actuator and extender stiffness was based on the maximum possible
extension while keeping sufficient preload on the piezostack. Preload was
considered in the calculations to prevent permanent deformation of the flexures
while keeping all operational stresses below the yield stress but the main
calculation criteria was fatigue limits for beryllium copper.
The design of the flexure was optimized using FEA for compactness in size and
maximum fatigue endurance. The aim of this analysis was to reduce size of the
actuator for optimal maneuverability inside the scanner bore.


Actuator fabrication, and performance assessment – High accuracy was a

foremost objective in the fabrication process. To achieve this goal EDM
machining techniques were used in fabricating the extender and the clamps
flexures. The sliding shaft was manufactured using centerless grinding
techniques to achieve maximum roundness and straightness. For maximum
alignment the supporting clamps were machined to a very close tolerance to the
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shaft diameter and adjusting set screws designed for fine tune any slack in the fit.
The developed device have an infinite linear motion and rotary motion, the linear
motion only restricted by the shaft length which in this case is 80 mm with
resolution accuracy of 20 nm. The actuator have a load capacity of 6 N, and has
a torque capacity of 10.7 N.mm, , linear speed of 5.4 mm/s, rotary speed of 10.5
rpm compared to the design values of load capacity of 13 N, and has a torque
capacity of 22 N.mm, , linear speed of 9.8 mm/s, rotary speed of 11.5 rpm. The
overall dimensions of the finished stage were 57.5 mm (length) × 30 mm (width)
× 37.5 mm (height).

6.2 Future Work
The future work will be aimed towards testing the performance MR-compatible actuator in
from a passive and active point of view inside the MRI environment. Active testing will
include using filtering techniques to filter out interference generated from power
equipment and connecting cables on the image quality of the scanner. Further performance
testing of the actuator such as load, torque capacity, speeds will be conducting inside the
MR environment then compared to the performance results outside the magnetic
environment.
The other goal is to develop a closed-loop system to accurately track surgical tools as a
part of an image guided system, and in order to realize the required accuracy nonlinear
parameters such as friction in the contacting surfaces of the shaft and the clamps,
hysteresis in piezoelectric stacks has to be addressed. The friction is considered to be nonlinear in nature as it changes along the length of the travel of the shaft due to
manufacturing tolerances and the dynamic effect on the clamps motion.
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This high precision positioning system of the shaft and hence the surgical tools can be
achieved by utilizing the MRI signal to serve as feedback of the closed-loop system, this
can be also investigated.
In the current work the use of the shaft as the moving component was to simulate the
needle used in the medical procedure and as was mentioned before this was a proof of
concept prototype. In future work the actual actuator will be optimized for minimum size
and maximum force output and speed. Furthermore, forces will be reanalyzed to
accommodate for the hollow structure of the needle and proper mounting components.
The resonance frequency issue of the actuator will be visited and experimental resonance
frequency measures will be conducted to obtain the exact resonance frequency. The
rotating plate mechanism will be modified on the idea of torsional torque instead of linear
flexing mechanism for higher rigidity and hence higher resonance frequency for the whole
system which will increase the dynamic performance at the maximum working frequency
of the signal amplifier.
Finally, integrating the actuator to an MR-compatible manipulator will be considered for
remote manipulation of the device deep inside the scanner bore.
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Appendix A
Drawings of Piezoworm MR-Compatible Actuator
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